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Abstract 
Current ground monitoring systems have a number of significant faults that make the long-term 
monitoring of geotechnical environments unachievable. The long-term monitoring of geotechnical 
environments with current technology, such as electrical strain gauges, is limited by several factors, 
including, susceptibility to water ingress and corrosion; easily damaged by compaction, 
consolidation and dynamic loading; and negatively influenced by electromagnetic radiation (EMR) 
(Schmidt-Hattenberger et al. 2004). 
The aim of this dissertation is to investigate the suitability and durability of Fibre Bragg Grating 
(FBG) sensors in geotechnical applications. To meet the requirements of the dissertation, a soil 
strain measuring device was designed and constructed to record the strains produced within a 
dynamic soilmass. By measuring the strain within a soilmass, it is possible to determine the 
horizontal displacement of the soil by using elastic beam theory and moment-area theorems to 
analyse the recorded strains (Sato et al. 1999).  
The experimentation section of this dissertation is sub-divided into two categories known as 
suitability testing and durability testing.  The suitability testing will involve modelling the failure of 
a retaining wall structure and investigating whether FBG sensors are suitable to record the strains 
produced during the test. The durability testing will investigate the influence of moisture and 
electromagnetic interference (EMI) has on FBG sensors.  
In conclusion, a FBG soil strain sensor was successfully designed, constructed and tested under 
laboratory conditions. In comparison to the conventional soil strain sensor, the FBG soil sensor 
accurately and reliably monitored ground movement. The results from the suitability testing show 
that FBG sensors are capable of measuring strains in a geotechnical environment. The FBG unit 
also performed extremely well under the durability testing. The electromagnetic and corrosive 
environments that were simulated had no effect on the results of the FBG sensor. 
However, more ‘real world’ and laboratory testing must be done before this technology can be fully 
integrated into ground monitoring systems. According to Schmidt-Hattenberger et al. (2003), the 
integration and application of FBG sensors in the geotechnical engineering will continue well into 
future. 
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1.1 Background 
Constantly changing soil conditions are a regular concern for geotechnical engineers, especially 
those who are employed on a construction site or a mining operation. Sudden downpours, 
prolonged rain events, earthquakes and vibrations from blasting can reduce both the friction angle 
and bearing capacity of a soilmass or rockmass and induce devastating consequences.  
Whether it is constructing the footings for a multistorey building or maintaining the battered slope 
for a tailings dam, the monitoring of ground movement plays an integral role in risk management. 
Protecting the lives of employees and civilians is paramount in any engineering project. Although, 
the risk of losing equipment, infrastructure and time due to uncontrolled ground movement is also a 
common incentive for ground monitoring. 
As risk management and professional liability becomes much more important for any engineering 
project, engineers now have to ensure that the identification of any hazard is appropriately managed 
(Davidson et al. 2008). To manage these hazards, both civil and mining companies invest 
considerable time and resources into ground monitoring programs. 
There are a wide range of ground movement sensors on the market today. In fact, Hunt (2007) listed 
over 50 different types of ground monitoring systems, all using different technologies and processes 
to measure an array of soil properties. However, according to Dunnicliff (1988), the engineering 
practice of monitoring geotechnical environments, involves a successful integration of both the 
capabilities of the instrument and the capabilities of the engineer. 
Current ground monitoring systems have a number of significant faults that make the long-term 
monitoring of geotechnical environments unachievable. These limitations include; susceptibility to 
corrosion and Electromagnetic Interference (EMI), conventional sensors can be easily damaged by 
dynamic loading, and are of significant cost to purchase and install.   
Optic Fibre sensors offer solutions for these problems and limitations. Optic fibre sensors are 
corrosion and EMI resistant, accurate, durable in ‘hostile’ environments, are and cheap to produce. 
According to Schmidt-Hattenberger et al. (2003), optic fibre sensors are the next frontier in sensor 
technology used in geotechnical applications. 
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1.2 Problem Identification 
As mentioned before, the monitoring of both surface and subsurface ground movements is an 
important aspect of any civil or mining project. Long-term ground monitoring allows engineers to 
predict the behaviour of a soilmass or rockmass while ensuring the safety and productivity of a 
construction site or mining operation.  However, the long-term monitoring of slopes with current 
technology, such as electrical strain gauges, is limited by several factors (Wang et al. 2009). These 
factors include:  
• Susceptibility to water ingress and corrosion which results in damage to equipment and the 
occurrence of ‘false’ readings. 
• Compaction, consolidation and dynamic loading usually damages the sensor. 
• Connections to these instruments are fragile and easily damaged. 
• Easily influenced by EMI produced from local factors such as lightning strikes and 
ferromagnetic ore bodies. 
• Conventional electronic strain gauges are not suitable in underground coal mines due to the 
risk of coal dust of methane explosions. 
• Large power requirements to record readings and monitor ground movements. 
• Relative high cost of initial purchase and equipment installation.  
Schmidt-Hattenberger, Naumann & Borm (2003), specifies there is a growing need in geotechnical 
engineering, to develop newer sensing technologies that will withstand the ‘hostile’ environments 
they have to operate in. Optic fibre sensing technology can provide a solution to these problems. 
Fibre Bragg Grating (FBG) sensors are resistance to both corrosion and electromagnetic radiation, 
while being able to provide results that are both accurate and reliable. 
Many other new technologies are being developed and tested to monitor ground movements in both 
the civil and mining industries. Such technologies include satellite imagery and ground monitoring 
radar, but these technologies are only limited to monitoring the surface layer of a soilmass or 
rockmass. In many instances, movement of the surface layer only indicates the final stages of a 
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much larger problem (Dunnicliff 1988). Therefore, long-term borehole sensing technology is still an 
essential tool in monitoring the movement of geotechnical environments.  
1.3 Project Aim 
The aim of this dissertation is to assess the suitability and durability of using Fibre Bragg Grating 
(FBG) Sensors, of 1539nm (IR) Bragg wavelengths, as sensors used to monitor soilmass movement 
in controlled laboratory conditions. This dissertation will encompass the design, development and 
testing of a FBG soil strain sensor and compared the results to those of a conventional soil strain 
sensor. 
The first stage of this dissertation is to design and construct the soil strain sensing unit that will be 
used in the experimentation process. The soil strain sensor will be designed and constructed to the 
specifications described in both Chapter 2 and Chapter 3 of this dissertation.     
The experimentation process will comprise of two main categories of testing, suitability testing and 
durability testing. Suitability testing will involve modelling the three failure modes of a retaining 
wall structure and assess whether FBG sensors are adequate in monitoring the soil displacement. 
The durability testing will evaluate the response of the FBG sensors when subjected to moisture and 
EMI. Each of these tests will be conducted on the FBG soil strain sensor, and the results will be 
compared to the results from the conventional soil strain sensor. 
The results of this comparison will be used to assess the suitability and durability of the FBG 
sensors in geotechnical applications. 
1.4 Project Objectives 
The project objectives listed below are the main goals of this dissertation. Clear and unambiguous 
objectives provide both a means to gauge the successfulness of the dissertation, and provide 
limitations to the extent of research needed.  
The project objectives were submitted in the Project Specification assessment as required by course 
specifications in ENG4111 Research Project Part 1. A copy of the Project Specifications can be 
found in Appendix A. The main project objectives are listed below: 
1. Conduct a literature review on FBG sensors and other aspects of the dissertation 
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2. Design and develop a feasible method of installing FBG sensors in a laboratory situation 
3. Conduct testing in the USQ’s soil laboratory on a number of specimens 
4. Develop a MATLAB script that interprets the results, and 
5. Determine the suitability of the FBG sensors by assessing the adequacies of the final results 
in representing  the behaviour of the soil mass 
6. Use conventional techniques to monitor strains and provide a comparison between FBG data 
and conventional data. From this data, determine the suitability of FBG sensors in 
geotechnical applications. 
1.5 Project Outline 
This section provides a general outline of the structure of the dissertation. The main chapters 
contained within this dissertation will be briefly described below. There are a total of seven chapters 
including appendices.  
1.5.1 Chapter 1 – Introduction 
Chapter 1 provides the introduction and background information for this dissertation. It presents the 
motive and current engineering problems that have encouraged this dissertation to be undertaken. 
Chapter 1 also describes the aim of the dissertation and outlines the primary objectives that were 
used to achieve the aim. 
1.5.2 Chapter 2 – Literature Review 
Chapter 2 is a literature review on both the aspects of long-term ground monitoring, and the current 
use of FBG sensors in geotechnical applications. The literature review delves into current 
technologies and why they are inadequate, and how FBG sensors can overcome these inadequacies. 
Chapter 2 will also describe the basic operating principles behind FBG sensors to provide the reader 
with a comprehensive understanding about these sensors. The remaining sections of Chapter 2 will 
investigate the structural analysis theory used to convert strains into soil sensor movements.  
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1.5.3 Chapter 3 – Research Design and Methodology  
Chapter 3 provides a detailed description and explanation of the research design methodologies 
used in this dissertation to meet the objectives outlined in Chapter 1. The chapter will describe, in 
detail, the methods used to construct the soil strain sensing units and the other testing equipment. It 
also explains why calibration of the sensing units needed to occur and how this calibration process 
took place. Finally, Chapter 3 will describe how the principles investigated in the literature review 
were applied to the experiment and soil sensor design and construction.  
1.5.4 Chapter 4 – Risk Management  
Risk Management is important in any workplace. Chapter 4 is specifically designed to highlight the 
significance of hazard identification and control. This chapter also provides the reader with a copy 
of the likelihood and consequence risk matrix used in the experimentation process. This hazard 
matrix will contain the identified risks and the appropriate controls used to avoid these hazards.  
1.5.5 Chapter 5 – Results and Discussion 
The aim of Chapter 5 is to deal with coagulating the results from the FBG and the conventional soil 
strain sensors for each experiment. Chapter 5 will discuss the accuracy and suitability of these 
results and identify any noticeable trends. This chapter will also explain the occurrence of any 
significant problems and hypothesis about how these problems can be overcome in the future.  
1.5.6 Chapter 6 – Conclusion 
Chapter 6 is the conclusion. This section will draw in all the results and conclusions from the 
previous chapters to assess whether the dissertation has met the criteria outlined in the project aim 
and objectives. Chapter 6 will also identify areas in which the experimentation process or the design 
of the soil strain sensor could be improved. Finally, the chapter will examine the further research 
and studies that could be undertaken in the future. 
1.5.7 Chapter 7 – Appendices 
Chapter 7 will contain all the associated appendices that were deemed necessary and important for 
the duration of the project. Such appendices include the Project Specification, the Matlab script, the 
input file it requires, and output files the Matlab script produces.   
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2.1 Introduction 
Chapter 2 of this dissertation is a literature review on all the significant information and data 
regarding ground movement monitoring, specifically referring to Fibre Bragg Grating (FBG) 
sensors. The literature review also evaluates theories and technologies needed to design the FBG 
soil strain sensor. The literature review is divided into five significant research criteria. These five 
research areas include: 
1. Current Ground Movement Monitoring Techniques 
2. Fibre Bragg Grating (FBG) Sensor Overview 
3. FBG Sensors used in Geotechnical Applications 
4. Soil Behaviour and Displacement near Retaining Walls 
5. Elastic Beam Theory and Area-Moment Theory 
2.2 Current Ground Movement Monitoring Techniques 
In the last few decades, there have been a large number of developments in area of soil mass and 
ground monitoring techniques. Engineers today have an extensive range of instrumentation that can 
be used measure deformation and ground movement. Dunnicliff (1988) explains that it is easy to 
spend vast sums of money to acquire results that are not essentially useful or required. Dunnicliff 
(1988) goes on to describe the selection of appropriate instruments as: 
…a comprehensive step-by-step engineering process beginning with a definition of the objective 
and ending with implementation of the data (Dunnicliff 1988, p. 22)  
There are currently many products on the market that are used to monitor ground movement. These 
products are relatively easy to use and have yielded reliable results (Dunnicliff 1988). However, as 
newer technology becomes available, opportunities exist to make ground monitoring equipment 
much more accurate and reliable. According to Hunt (2007), the applications of ground monitoring 
systems can be separated into seven major categories. These categories are pre-construction 
investigations, in-situ construction monitoring, post-construction monitoring, monitoring of existing 
structures, monitoring of slopes, monitoring of mineral extractions, and monitoring of tectonic 
movements.      
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2.2.1 Summary of Ground Monitoring Techniques 
Hunt (2007), in Geotechnical Investigation Methods – A field guide for Geotechnical Engineers, 
briefly lists the instrumentation used to monitor ground movement, deformation and stress. This 
instrumentation is shown in Table 2.1 and Table 2.2 below. 
Table 2.1 – Common instrumentation used the monitor surface deformation (Hunt 2007) 
Method/Instrumentation Applications 
Survey Nets 
Vertical and horizontal movement of slopes and walls. Levelling, 
theodolite, GPS and laser geodimeter can all be used. Requires 
and stable benchmark. Time consuming. 
Water Level Device Monitor building settlement 
Settlement Plates 
Installed at base of fills. Read optically for monitoring of 
settlement. 
Remote Settlement Monitor 
Used to monitor vertical deflections at the base of fills, above 
tunnels and adjacent to excavations. 
Tiltmeters 
Measure to rotational component of deflection. Used in buildings, 
walls, and benches 
Pendulums Monitor tilt in buildings in close proximity to a excavation site 
Convergence Meters Measure convergence in tunnels and excavation walls 
Surface extensometers or Strain 
gauges 
Measure linear strains over fault lines or joints 
Terrestrial Stereophotography 
Monitor the movement of buildings, slopes and retaining wall 
structures. Less accurate than optical methods 
Vibration monitoring 
Monitor vibrations caused be blasting and other construction and 
mining activities 
The Use of Fibre Bragg Grating (FBG) Sensors in Geotechnical Applications 
Chapter 2 – Literature Review   10 
Table 2.2 – Common instrumentation used the monitor subsurface deformation (Hunt 2007) 
Method/Instrumentation Applications 
Vertical  Rod Extensometer 
Monitor vertical deflection at different locations using settlement 
points installed a varying depth. 
Inclinometer 
Often used to measure lateral deflections behind walls, in pile 
walls test, and loadings on soft soils to find the failure surface in 
slope situations.     
Deflectometers 
Permanent installation in rock structures to monitor deformation 
perpendicular to the borehole. Applications include monitoring 
slopes, open pit mines and fault zones.  
Shear-strip indicators 
Locate the failure surface in a geotechnical environmental and 
send an alarm when the surface fails. 
Borehole Extensometers 
Installed to monitor the deflection of the ground mass parallel to 
the borehole. Applications include monitoring deformation in 
tunnels and mining operations 
Electrical Strain Meters 
Used to monitor the longitudinal strains in earth dams and located 
transverse cracks 
Acoustical Emissions Device 
Used to detect the subaudible noise in geotechnical environments 
from the occurrence of a disturbance such as a fault or slope 
movements   
 
The instrumentation listed in Tables 2.1 and 2.2 rely on utilising and exploiting the parameters and 
behaviours of materials when subjected to certain conditions. Hunt (2007) refers to these types of 
devices as transducers.   
For example, electrical strain gauges rely upon measuring the change in resistance of electricity as a 
wire is deformed, whereas acoustic imaging devices rely upon measuring the response of a reflected 
sound wave when it interacts with the barrier between two different mediums. 
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2.2.2 Discussion on the most common types of ground sensors  
Singh & Ghose (2006), in Engineered Rock Structures in Mining and Civil Construction, briefly list 
the common methods used to monitor rock and soil displacements. Singh & Ghose (2006) believe 
that ground monitoring systems can be broadly divided into two main categories. These categories 
include: 
1. Surface extension measurement 
2. Sub- surface measurement (e.g. borehole instrumentation)  
a. Extensometer – to measure axial movements along the axis of the borehole 
b. Inclinometers – measure lateral movements 
2.2.2.1 Surface Extension Measurement 
Surface mounted extensometers are devices used to measured linear deformation on the surface. 
They are commonly used for crack monitoring where each end of the extensometer can be secured 
to either side of the crack allowing the crack propagation to be monitored (Wyllie & Mah 2004).  
Extensometers are simple devices that can be operated with little technical capabilities. There are 
many derivatives of surface mounted extensometers, but there are basically two main categories 
(Dunnicliff 1988). 
1. Manual devices, that have a graduated ruler fixed to the surface being monitored. The 
deformations are visually inspected on the ruler. 
2. Electrical Resistance devices where an electronic signal is measured across a strain gauge. 
As the gauge deforms, so does the electronic signal. This can be recorded and converted into 
a deformation. 
The advantages of surface mounted extensometers are that they are cheap, easy to install, and data 
retrieval is simple. A limitation of the surface mounted extensometers is they can only be used 
where the surface movement represents the overall movement of the ground conditions. 
Additionally, it can only measure in one dimension (Wyllie & Mah 2004).  
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2.2.2.2 Borehole Extensometers
According to Singh and Ghose (2006), borehole extensometers are used 
displacements that are parallel to the length of the extensometer
only be used to measure vertical displacements, but they are also often used to monitor horizontal 
deformation of walls in underground tun
rod extensometer, multi-wire extensometer and probe type extensometer.
Basically, a borehole is drilled into the 
along the borehole. The wires or rods are fed down the centre of the borehole and 
anchor points. One wire or rod is attached to each anchor point. When the rockmass or soilmass 
moves, the displacement is translated to the 
amount of movement is measured 
relation to the borehole collar.  
It is common practice for the extension rods 
sleeve ensures that the rods can move freely and translate all movement of the anchor to the tip of 
the rod (Singh & Ghose 2006). Installation is performed by assembling all the required components 
and placing in a predrilled borehole. In most cases the com
Figure 2.1 – Layout for a B
  
 
. Borehole extensometers can not 
nels. The three main types of extensometers include
 
rock or soilmass and anchors are installed at certain points 
attached rods or wires via the anchor points. The 
by manually reading the graduations on the wires or rods 
to be placed within a protective sleeve. T
pleted assembly is grouted in place.
 
orehole Extensometer (Singh & Ghose 2006)
 
12 
to measure rockmass 
, multi-
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2.2.2.3 Sonic Probe Extensometer
Sonic probe extensometers are devices where a ‘wand’ is inserted into a borehole with anchors 
located at a number of points along the length of the borehole. The wand measures the location of 
the borehole anchors in relation to a reference anchor at the collar.
The principle of the sonic probe relies on the magnetostrictive properties of the probe material. 
Each anchor is fitted with a strong magnet that 
produced by the wand. The change in electrical signal strength
ultrasonic wave pulse that can be measured by the probe 
into a displacement by using the speed of sound and time 
Figure 2.2 – Model 3500
2.2.2.4 Borehole Inclinometers
Inclinometers are instruments that are used to monitor the 
borehole over periods of time. By comparing regular readings over a specified time period, the rate 
of deformation can be calculated (Wyllie & Mah 2004).
The borehole is lined with special ‘tracks’ or a guide casing that allow
inserted accurately each time testing must occur. The Inclinometer is made of a plastic casing that 
houses two accelerometers that measure the tilt of the bore
the tracks of the borehole are attached to the plastic casing.
the inclinometer is lowered into the borehole correctly. Spiralling of the tracks and temperature 




causes interference with the electrical signal 
 causes the wand to produce 
unit. The ultrasonic wave can b
the taken to travel (Hunt 2007)
-GK-701 Sonic Probe Extensometer (GeoSystems 2010)
 
horizontal position of certain points in a 
 
s the inclinometer to be 
hole to true vertical. Wheels that fit into 
 Precautions must be taken to ensure that 
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2.3 Fibre Bragg Grating (FBG) Sensor Overview 
2.3.1 Optical Fibres – A Brief History 
Before the 1970’s, the use of optic fibre was primarily concentrated in the field of medicine with 
applications in devices such as endoscopes. As manufacturing became more economical and was 
able to achieve higher optical purity and quality, growing interest was starting to form in fibre 
optics used in telecommunication applications (Grattan & Meggitt 1995). 
Optical fibre sensor applications were fairly well established before the 1970’s. However, its 
expansion into the sensor market was limited to the laboratory because of issues of dealing with the 
delicacy of the equipment. It wasn’t until 1976 and 1977 when two papers, the first authored by 
Vali and Shorthill and the second by Rogers, demonstrated that optical fibre sensors could be used 
in ‘hostile’ environments, that sensing technology really accelerated. 
2.3.2 Advantages of Optical Fibre Sensor Technology 
The increased interest in optic fibre sensing technology over last few decades can be attributed to 
the inherent benefits such a technology possesses. FBG sensors have been used quite successfully 
for the non-destructive testing and structural health monitoring of buildings, structures and fibre 
composites for many years (Wang et al. 2009). Grattan and Meggitt (1995) have listed the main 
advantages that have attracted engineers and scientists to use FBG sensors. 
1. Immunity to Electromagnetic Interference (EMI). 
2. Multipoint strain measurements along a single fibre (multiplexing). 
3. Nonelectrical in operation leading to low power consumption. 
4. Resistance to hostile conditions such as high temperature, pressure and fatigue. 
5. Small in size and weight 
6. Low manufacturing and installation cost, and 
7. Corrosion Resistance 
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Grattan and Meggitt (1995) conclude tha
into sophisticated measurement and control systems. This statement can be paralleled with 
Dunnicliff (1988), who suggests that 
capabilities of the technician and the accuracy and precision of the instrumentation.   
Additional to the main advantages listed above, Kato and Kohashi (2006) provide specific examples 
of where conventional sensors failed 
Kohashi (2006) conducted their research in 
Rainfall in mountainous regions is often accompanied by lightning and conventional sensors are 
the electrical type, resulting in the malfunction of sensors by electroma
by lightning (Kato & Kohashi 2006, p.1).
Similar attitudes and sentiments
application of FBG sensors as a stress cel
explains that existing sensor technology is unsuitable for geotechnical applications.
Existing technology used to measure stress in granular materials is susceptible to water ingress 
and resulting damage to the electrical components, which limits this 
term monitoring of soil structures (Francis et al. 2006, p.1173)
Figure 2.3
  
t there is a need for high quality sensors to be integrated 
to gain good results requires a combination of both the 
to operate where their FBG counterparts would
the mountainous regions of Japan.
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 are expressed by Francis et al. (2006) who
l in geotechnical applications. Francis et al. (200
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2.3.3 The Basic Principles of Fibre Bragg Grating (FBG) sensors
Before Fibre Bragg Grating (FBG) sensors are explained, it 
and the physics behind their operations.
trap optical radiation at one end,
internal reflection (Grattan & Meggitt 1995)
transferring light, it is normally surrounded by another
Figure 2.4 below shows the general profile of an optical fibre. The core 
are the most important aspect of an
optical radiation from one end to the other.
against the influences of a hostile 
Figure 2.4 – General Profile of an Optical 
The fibre is often made from drawn glass 
available. If impurities are present, they can cause significant problems such attenuation which 
makes them unsuitable for telecommunications and data transfer.
To understand the concept of optical f
dielectric materials and the behaviour that occurs at the boundary between two different dielectric 
materials (Grattan & Meggitt 1995)
The refractive index (n) of any material refers to the ratio between the speed of light in a vacuum 
(c) and the speed of light in the material (
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is necessary to understand optic
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 and guide it to the other end through a process known as total 
. To enhance the capability of an optical fibre 
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Materials that exhibit a high refractive index, allow light to travel more slowly in it than materials 
with a low refractive index. The refractive index for a material cannot be lower than one, as there is 
no material on Earth that can convey light faster than light travelling in a vacuum (Grattan & 
Meggitt 1995). 
When light travels from one material with a refractive index to another material with a differing 
refractive index, it refracts under Snell’s Law. The behaviour of the refracting light beam depends 
on two conditions: 
1. The angle that the light beam intersects with the materials boundary. The angle is known as 
the ‘angle of incidence’. 
2. The nature of the refractive index of the medium that the light enters and exits from. When 
light travels from a material with a low refractive index to a material with a higher refractive 
index, the light beam will refract towards the normal because the light beam is slowing 
down. However, the opposite happens when a light beam travels from a material with a high 
refractive index to a material with a low refractive index. The light beam refracts away from 
the normal as the light beam speeds up. 
Snell’s Law states that the ratio of the differing refractive indices is equal to the ratio of the sine of 
the angle of incidence and the sine of the angle of refraction. Equation 2.2 describes Snell’s Law 
  )
sin"2(sin"3( (2.2) 
Figure 2.5 below shows the behaviour between differing refractive indices and transmitted light 
beams. Additionally, Figure 2.5 shows a reflected beam that occurs due to the material discontinuity 
at the boundary.  
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Figure 2.5 – Refraction of a light beam through different refractive indices, (a
In Figure 2.5 (a), if the angle of incidence is increased, the angle of refraction is increased. If 
continual increased, a critical point 
degrees "3 ) 90°(. Knowing that
Equation 2.2 to form Equation 2.3
 
By rearranging Equation 2.3, Equation 2.4
 
Further increases in the angle of incidence 
reflect at the boundary. Basically, once this occurs, the light beam is
continuous total internal reflection as demonstrated in Figure 
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2.4 Fibre Bragg Grating Sensors (FBG)
2.4.1 FBG Sensor Principles 
Fibre Bragg Grating (FBG) sensors are developed by inscribing
refractive index of the core of an optic
positioning of these repeating gratings reflect a certain wavelength of the input light spectrum.
Figure 2.7 shows an exploded view of a
a FBG sensor. It can be seen that the gratings cause a certain wavelength of the input spectrum to be 
reflected (Smartfibers 2009). This reflected wavelength is known as the Bragg Wavelength
Figure 2.7 – Diagram showing how 
When a longitudinal strain is applied to the fibre, the spacing between the 
changed. The change in the grating period
to change. This can be seen in Figure 2.8.
possible to derive the strain applied to the sensor
recorded using a Signal Interrogation Unit
  
 
 repeating variations in the 
 fibre with intense ultraviolet radiation. The size and 
 FBG sensor. Figure 2.7 also shows the spectral response of 
the gratings in FBG sensors work (Smartfibers 2009)
 "7( causes the position of the reflected wavelength peak 
 By recording the change in reflected wavelength
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repeating gratings is 
, it is 
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2.4.2 Calculating Strains from Wavelength Peaks 
As mentioned before, calculating the strain subjected to a FBG sensor requires measuring the 
change in location of the peak of the reflected wavelength. The maximum reflectivity will occur at 
the Bragg Wavelength "89(. Equation 2.1 shows that the Bragg Wavelength is equal to twice the 
grating period "7( multiplied by the effective refractive index of the core fibre :;<<=.   
 8> ) 2?@@7 (2.5) 
The method to calculate the effective refractive index is shown in Equation 2.6, where the 
longitudinal strain in the optical fibre is represented by A< and the normal refractive index of the 
core is represented by B.  
 ?@@ )  0 C 032 EF12 C +@"F11 G F12(HA@ (2.6) 
The grating period is equal to the expression shown in Equation 2.7. The grating position before 
strain is applied is represented by 7I. 
 7 ) 1 G A@ · 7K (2.7) 
Although these equations are significant, these values do not need to be known as the strain 
exhibited by a material can be determined by using the following relationship shown in Equation 
2.8. Equation 2.8 theoretically describes the peak wavelength shift within a FBG sensor 
(Smartfibers 2009).  
 
∆8989 ) MN · A (2.8) 
By rearranging Equation 2.8 for strain, Equation 2.9 can be derived. 
 A ) ∆8989 · MN (2.9) 
According to Epaarachchi (2007), the photoelastic coefficient "MN( for a FBG sensor with a core 
diameter of 5µm and a cladding diameter of 125µm, is equal to 0.793. Figure 2.8, on the following 
page, shows two optical spectrum graphs from the same FBG sensor. The original Bragg 
Wavelength is shown in blue and the spectrum shown in red is the wavelength after a strain has 
been applied to the sensor. 
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Figure 2.8 – A before and after loading 
Bragg Wavelength 
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2.5 FBG sensors in Geotechnical Applications 
The use of Fibre Bragg Grating (FBG) sensors in the field of geotechnical engineering is a relative 
new application of FBG sensors. In the last decade, there been a number of significant papers and 
research conducted by scientists into replacing conventional ground monitoring systems with FBG 
sensors. The following points highlight the most significant results that have been obtained from a 
number of different research projects. 
2.5.1 A Fibre Bragg Grating Stress Cell for Geotechnical Applications (Legge et al. 
2006)  
In 2006, Legge et al. published a research project titled, “A Fibre Bragg Grating Stress Cell for 
Geotechnical Applications”. This paper examines why that existing technology is unsuitable for 
long-term ground monitoring. The research explains that the majority of existing systems fail to 
measure stress in granular materials is because most of them are susceptible to water ingress. 
Therefore, research was undertaking into developing a FBG sensor stress for soil conditions. 
Research shows that the most effective method of transferring stress from the soil mass to the FBG 
sensor is through using a silicone rubber encasing. The highly flexible silicone has a high Poisson’s 
Ratio in an attempt to enhance the longitudinal strain. 
Initial results have been very good with experimental results differing from the theoretical results by 
6%. Modelling of the stress cells has been undertaken by Strand 7 software and have proven that the 
cell is working correctly. Legge and his team are now attempting to test the stress cell in undrained 
conditions and are hoping to develop a 3-dimensional stress sensor in the future. 
2.5.2 “Study on the Monitoring of System of Slope Failure using Optical Fibre Sensors” 
(Kato and Kohashi 2006)     
Another example was described in a paper titled “Study on the Monitoring of System of Slope 
Failure using Optical Fibre Sensors” (Kato and Kohashi 2006). In this study, the authors selected 
potential slope failures in Japan’s Mountainous regions and compared the suitability of differing 
optical fibre sensors at predicting slope failure during typhoon season. The researchers utilised there 
different types of optical fibre sensors. These included B-OTDR, FBG and MDM. The authors 
referred the B-OTDR optical sensors as line type sensors and the FBG and MDM sensors were 
referred to as point type sensors. 
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The results showed that the FBG sensors monitored very little strain before failure, but was able to 
record the time of collapse as the failure of the slope fractured the sensing equipment. The reason 
for the lack of strain response can be attributed to the incorrect positioning of the sensing system in 
relation to the slope failure. Kato and Kohashi (2006) concluded the paper with the following points 
1. Optical fibre sensors can be applied to predict the collapse of the surface of a slope 
2. Optical fibre have precision necessary for slope measurement 
3. A point type sensor is suitable at locations where measurements are point specified. 
4. A line type sensor is effective for wide area measurement of an unspecified district where a 
measurement point cannot be designated. 
2.5.3 Ground strain measuring system using optical fibre sensors (Sato et al. 1999) 
Sato et al. (1999) produced a research paper that investigated the use of FBG sensors in measuring 
ground strain during the application of dynamic loading. The testing was designed to simulate the 
behaviour of a soilmass that undergoes deformation during earthquakes. 
Understanding the dynamic behaviour of a soilmass is still a ‘grey’ area in geotechnical 
engineering. Sato et al. (1999) suggest that due to its complex nature, many dynamic soil problems 
go unsolved. The strain measurement mechanism developed by Sato et al. (1999) involves using a 
metal plate and attaching FBG sensors to either side of the plate. The deformation of the soilmass 
causes the metal plate to be deformed. The strains recorded during this deformation can be analysed 
using elastic beam theory and double integration displacement method to calculate horizontal 
displacement of the soilmass. 
The metal plate is made from a thin sheet of phosphorus-bronze to ensure the device has little 
influence on the soilmass. The results obtained from this experiment were very promising. The 
actual displacement recoded by a displacement meter was very similar to the results produced by 
the soil strain measurement mechanism. Some issues did arise with some of the FBG sensors 
breaking, due to violent nature of the experiment. It was suggested that in the future, additionally 
coating should be provided to protect the glass fibre. 
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2.5.4 Development of fibre Bragg grating (FBG) permanent sensor technology for 
borehole applications 
Subsurface monitoring is an important aspect of geotechnical engineering. Schmitt
al. (2004) has developed a long-term FBG borehole sensor to monitor displac
faults. This paper investigates the results obtained from a FBG borehole sensor which was 
undergoing field trails in the Gulf of Corinth, Greece.
The FBG sensors are protected by a ‘carrier’
casing tubes are broken into sections
and fed into a pre-existing borehole. The FBG sensors were installed in June 2003 with the total 
length of the borehole being 360m. The results, when this paper was published, showed tha
borehole FBG sensor was performing well with significant defo
faulted zone. The deformation results for this FBG borehole sensor are shown in Figure 2.9
vertical line shows that initial installation and the deform
months of operation. 
Figure 2.9 – FBG Borehole sensor results (Schmidt
  
(Schmidt-Hattenberger et al. 2004) 
 
 material which is then forced into a casing tube. The 
 so it is easier to transport. At site, the tubes are locked together 
rmations being recorded near 
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2.6 Soil Behaviour and Displacement
The theory of soil behaviour near retaining 
testing of soil strain sensors will be tested under these 
2.6.1 Lateral Earth Pressure
According to Das (2004), any vertical or near vertical 
or sheet pile wall. These engineered support 
induced by the soilmass. Lateral Earth Pressure is the general overview given to the pressure that 
causes horizontal lateral movement of a 
influence the structural stability of a structure. 
resist the earth’s pressure include retaining walls, sheet pile walls and
Lateral earth pressure is deemed to consist of three main pressure states. This includes earth 
pressure at rest, earth pressure active and earth pressure passive. An example is shown below of the 
three cases in regards to a concrete retaining wall.
Figure 2.10 – The active and passive earth pressure working on a retaining wall 
2.6.2 Active Pressure 
Active earth pressure is where the soil or rock material is allowed to expand towards to failure state
(Craig 2004). Basically, the active pressure, in regards to a retai
earth behind the retaining wall trying to topple the wall. In Figure 2.1
pressure.   
  
 near Retaining Walls
wall structures must be investigated as the 
failure conditions.  
 
soilmass must be supported by retaining wal
structures must be able to withstand the pressures 
soilmass or rockmass. Lateral movements can significantly 
Common examples of structures that are required to 
 footings
 
ning wall, is represented by the 
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2.6.3 Passive Pressure 
Passive earth pressure is where the soil is allowed to contract towards a limiting state. The 
earth pressure is described as pressure at the toe of a retaining wall forcing the retaining wall into 
the soil. Case 3 in Figure 2.10 depicts this state appropriately.   
2.6.4 Earth Pressure Theories
There are two common methods used to analysis slope 
are: 
1. Rankine’s Theory of Earth Pressure
2. Coulomb’s Wedge Theory
2.6.4.1 Rankine’s Theory of Earth Pressure
According to Craig (2004), Rankine’s theory of earth pressure is based on the assumption that the 
soil has reached the point of plastic equilibrium and shear failure is about to occur throughout the 
mass. Now, consider a semi-infinite mass of sand 
between the soilmass and retaining wall. 
Every soil element is subjected to both a horizontal and vertical stress.
moved laterally away from the soilmass, the horizontal stress will decrease to a minimum value 
where plastic equilibrium develops.









that has no shear stress, pore pressure or friction 
 
 If the retaining wall is 
 When this state is reached, it is known as active earth
 









The Use of Fibre Bragg Grating (FBG) Sensors in Geotechnical Applications
Chapter 2 – Literature Review 
2.6.4.2  Coulomb’s Wedge Theory of Earth Pressure
According to Shiau (2009), Rankine’s theory provides a
to its simplistic nature, the theory have some limitations
Rankine’s theory assumes the retaining wall is 
does not account for sloping retaining w
soilmass (Craig, 2004).  
Shiau (2009) suggests these Rankine errors do 
forms of analysis. To account for sloped retaining walls and the friction between 
and the soilmass can be accounted for by using Coulomb’s Wedge Theory. Coulomb’s Theory 
assumes that the thrust exerted on the wall was due to a wedge of soil resting against the back of the 
wall (Shiau).  
Figure 2.13 - Definition of 
  
 
 simplistic form of analysis
. The most significant error is that 
smooth vertical. Additionally, Rankine’s Theory 
all or the friction between the retaining wall and the 
are usually conservative when compared to other 
Coulomb’s Active and Passive State respectively 
 
27 
, however, due 
the retaining wall 
 
(Shiau 2009)
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2.7 Curvature and Deflection of the Sensor 
2.7.1 Elastic Beam Theory 
The elastic beam theory is the theory used to relate the internal moment in a beam to the 
displacement and slope of its elastic curve. Due to the loading, the deformation of the beam is 
caused by both the internal shear force and bending moment. If the beam has a length much greater 
than its depth, the greatest deformation will be caused by bending. 
When the internal moment O deforms the element of the beam, the angle between the cross 
sections becomes PQ. The arc PR that represents a portion of the elastic curve intersects the neutral 
axis for each cross section. The radius of curvature for this arc is defined as distance M, which is 
measured from the centre of curvature S to PR. Any arc on the element other than PR is subjected 
to normal strain (Hibbeler 2006). 
 
Figure 2.14 – Elastic Beam Theory Diagram (Hibbeler 2006) 
The strain in arc PT, located at position U from the neutral axis is given by the Equation 2.10 located 
below. 
 V ) "PTW C PT( PT⁄  (2.10) 
Before the beam is deformed PT ) PR ) M · PQ, however once the beam is deformed PT )
"M C U( · PQ. Therefore by substituting PT and PT into Equation 10 it is possible the produce 
Equation 2.11 shown below. 
PT 








Before Deformation After Deformation 
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 V ) "M C U( · PQ C M · PQM · PQ  (2.11) 
By simplifying Equation 2.11, it is possible to deduce Equation 2.12. 
 
1M ) C VU (2.12) 
Hibbeler (2006) suggests that if the material is homogeneous and behaves in a linear elastic manner, 
then Hooke’s Law applies where V ) ` a⁄  and the flexure formula applies ` ) COU b⁄ . By 
combining these equations and substituting them into Equation 2.11, the following equation is 
produced. The ab factor is referred to as the flexural rigidity and is always a positive value. 
 
1M ) Oab (2.13) 
Sato et al. (1999) explains that it is possible to calculate the curvature "1 M⁄ ( of the beam if the 
strains on either side of a beam cross section are recorded and inserted into Equation 2.14 where 
V	 and V
 refers to the positive and negative strain measurements at each point respectively. The 
thickness of the metal plate is denoted by c. 
 M ) V	 C V
c  (2.14) 
Figure 2.15 below shows the abbreviations and the assumptions used by Equation 2.14  
 
Figure 2.15 – Curvature Calculation 
To determine the deflection it is possible to use the assumptions utilised in the elastic beam theory 
and apply them to the Moment-Area Theorems developed by Otto Mohr and Charles Greene 
(1873). The Moment-Area Theorem is particularly advantageous as it can deal with complicated 
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2.7.2 Moment-Area Theorems 
Hibbeler (2006) describes that the Moment-Area Theorems is a semi-graphical method of 
determining the slope and deflection of the elastic curve due to bending. It is very useful in 
determining the elastic curve in complicated loading cases where there are number of different 
segments with different moments.  
This theory is specifically useful in dealing with analysing the loading situation in this dissertation 
because the moment loading along the sensing unit is unpredictable and can change erratically. 
Hibbeler (2006) refers to two main base theorems in the Moment-Area Theorems. This dissertation 
is specifically concerned with Theorem 2 as it deals with displacement relative to the elastic curve. 
Theorem 2 is described below: 
Theorem 2: The vertical deviation of the tangent at a point (A) on the elastic curve with respect 
to the tangent extended from another point (B) equals the ‘moment’ of area under the M/EI 
diagram between the two points (A and B). This moment is computed around point A (Hibbeler 
2006, pp. 305). 
According to Hibbeler (2006), the second moment-area theorem is based on the relative deviation 
of tangents lines relative to the elastic curve. Figure 2.16 shows the elastic curve of a loaded beam 
that will be used to describe Moment-Area Theorem 2. 
 






PTW ) P\ 
\d/9 
3 ) R 
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The vertical deviation of the tangents either side of element PR is measured along an imaginary 
vertical line that passes through point A. The vertical deviation of the tangents is illustrated in 
Figure 2.9 and denoted as P\.  
 
It is also assumed that the slope and deflection of the elastic curve are very small. Therefore, it can 
be assumed that the length of each tangent line will be R in length with an arc approximated by P\. 
If the circular arc formula is applied, the following expression can be achieved. 
 P\ ) R · PQ (2.16) 
From elastic beam theory principles, it is known that PQ )  "O ab⁄ ( · PR. This expression for the 
slope of the elastic beam can be substituted into Equation 2.16 to form Equation 2.17. The term Rf 
refers to the distance from the centroid of the area between point A and point B of the M/EI 
diagram to point A. See Figure 2.17 to see points A and point B on the M/EI diagram.  
 \_/> ) Rg h Oab
>
_ PR (2.17) 
Finally, it should be noted that moment-area theorems can only be used to calculate the angles and 
deflections of structural elements of the elastic curve. Generally, this method usually does not give 
direct solutions to angles and deflections, but they must be calculated from slopes and deviations on 
the elastic curve (Hibbeler 2006). 
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3.1 Introduction 
The objective of the experimentation process is to assess the suitability and durability of using FBG 
sensors as a method of measuring deformation within a soil mass. The experimental section in this 
dissertation comprises of two main experiments that will assess the FBG sensors suitability, 
durability and accuracy compared to that of conventional strain gauges. These experiments are 
described below: 
1. The initial experiment is designed to measure the suitability and accuracy of the FBG 
sensors by measuring the amount of deformation within a soil mass and comparing the 
results to conventional strain measuring techniques. This experiment is known as the 
suitability testing. 
2. The second experiment on the other hand will assess the durability of FBG sensors in 
geotechnical situations by subjecting the FBG sensors to hostile conditions and comparing 
their behaviour to the conventional soil sensor. This experiment is known as durability 
testing. 
To successfully meet the requirements of these experiments, there are two main components that 
must be designed. These include: 
1. The soil strain sensor (including both the FBG sensor and the conventional sensor 
arrangements). 
2. The soil testing container. 
When designing the soil strain sensor, the design must guarantee that the sensor itself does not 
influence the deformation of the soilmass. Additionally, the strain sensors must be correctly 
attached to the metal plate using by appropriate adhesive techniques, otherwise anomalies may 
occur in the results. As mentioned before, there will be two soil strain sensing units constructed, one 
with FBG sensors and the other with electrical strain gauge sensors. To ensure that the majority of 
experimental variables are controlled, each sensing unit will be exactly the same except for the type 
of sensor used to measure the strain. 
When designing the soil testing container, the design and construction must be relatively simple and 
be easy to replicate. Furthermore, the soil testing container must be able to successfully simulate 
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soil deformation. This means the loading and soil conditions in the soil testing container should be 
designed to maximise the amount of deformation to give the soil strain sensors the highest potential 
to record results. 
In any experimentation process, it is a requirement that all variables are monitored and controlled to 
allow the experiment to be repeated in future so that similar results may be achieved. For this to 
occur, administrative control of the soil parameters, sensor types and loading conditions will 
stringently be monitored.       
3.2 Designing the Soil Strain Sensing Unit 
The design of the soil strain sensor is the most important part of the experimentation process. The 
soil strain sensor is the most important component because it is this device that is required to 
measure all the strains in the soil and provide suitable data for analysis. The basic design of the soil 
strain sensor will involve the applications of elastic beam theory and moment-area theorems to 
calculate moments from recorded strains, and convert the moments into horizontal displacements. 
Due to the repetitive nature of the calculations, a Matlab script has been developed to assess the 
data files outputted by the data loggers. The Matlab script can be found in Appendix B.   
To control the variables and ensure that results from the FBG soil sensor are readily comparable to 
the results from the conventional soil sensor, it was decided that both sensing units would be of 
similar design. The only difference between the sensing units would be the type of strain sensor 
attached, being either an FBG sensor or an electrical strain gauge. Additionally, calibration of each 
soil strain unit will be conducted to ensure accurate results are being achieved. 
3.2.1 Soil Strain Sensor Design     
The proposed strain sensor will consist of a thin metal plate with sensors attached to both sides of 
the metal plate at certain locations. Sato et al. (1999) suggests that the metal plate be made from 
phosphorous-bronze, however another suitable substitute may be used. It is important to select a 
material for the metal plate that reproduces the deformation of the soil mass correctly. Additionally, 
it is undesirable for the metal plate to significantly alter the behaviour of the soil mass as this would 
adversely affect the results of the experiment. The dimensions of the metal plate will depend on the 
construction parameters of the soil testing container. 
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After considerable research and modelling, it was decided that the soil sensor would be constructed 
from 0.5mm sheet aluminium, with a Young’s Modulus (E) of 70GPa and a Poisson’s Ratio (v) of 
0.33. The dimensions of the soil strain sensor would be 30mm wide by 300mm in length. See 
Figure 3.1 for an illustrated view of the soil strain sensing unit and the strain gauge arrangement. 
 
Figure 3.1 – Soil Strain Sensing Unit Design 
The location of the FBG and electrical strain gauges will be centred along each side of the axial 
length of the metal plate. The strain gauges will be located at 100mm and 230mm from the base of 
the sensing unit. Before the FBG and electrical strain gauge sensors are adhered to the metal plate, 
the surface must be cleaned using isopropyl alcohol to remove all grease and dirt. Following the 
Aluminium 
Plate 
i ) 0 '' 
i ) 100 '' 
i ) 230 '' 
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cleaning process, the sensors are attached. Standard procedures should be followed to ensure that 
the sensors are appropriately attached to the metal plate. These standard procedures are briefly 
described in the following subsections. 
As mentioned before, the basic design and sensor arrangement is shown in Figure 3.1. The design 
and engineering theories behind the design and arrangement of the soil sensor are briefly describe 
later in this section and are also described in further detail in Chapter 2 – The Literature Review. 
3.3 Equation Derivation for MATLAB script  
The underlining assumption in the design of the soil sensor is that the deformation exhibited by the 
soilmass will be directly transferred to the soil strain sensor. The strains recorded by the soil strain 
sensor will be then analysed using the elastic beam and moment-area theorems described in Chapter 
2-Literature Review. This section of the dissertation will analyse these theories behind the 
underlying assumption and develop a number of equations that will allow the recorded strains from 
the individual sensors to be converted into induced moments using elastic beam theory, and 
subsequently converted in associated horizontal displacements using moment-area theorems. 
In the beginning it is necessary to imagine that the soil sensor is secured perpendicular to the base 
of the soil testing container. This will act as the initial boundary condition, and behave as a known 
parameter location for both of the theories mentioned above.  
If a load is applied, as shown in Figure 3.2, the sensing unit will resist the force and deflect 
according to the direction of the force. At the initial position it is assumed that the strain on either 
side of the plate is equal to zero. However, when a bending moment is applied, positive and 
negative strains are induced on either side of the neutral axis. These strains are recorded by the FBG 
sensors and electrical strain gauges placed on the surface of the metal plate. 
By measuring the strain on each strain gauge, the curvature "M( of the metal plate can be calculated 
at each point using Equation 3.1 where V	 and V
 refers to the positive and negative strain 
measurements at each point respectively. The thickness of the metal plate is denoted by c. 
 M ) V	 C V
c  (3.1) 
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Figure 3.2 – Soil Strain Sensing Unit Principles 
Once the curvature at each point is calculated, it is possible to determine the moment-flexural 
rigidity ratio "O ab⁄ ( using Equation 3.2 derived from the Elastic Beam theory. The derivation of 
this equation is explained in Chapter 2.  
 
1M ) Oab (3.2) 
The moment-flexural rigidity ratio can be calculated at the two locations where the sensors are 
located. The moment-flexural rigidity ratio for all the other points along the aluminium plate were 
linearly interpolated as suggested in Hibbeler (2006). The two point gradient formula shown in 
Equation 3.3 was used to calculate the gradient of the moment-flexural rigidity ratio line between 
the known points. Once the gradient was calculated, it was used to calculate the moment-flexural 
rigidity ratio for the fixed point at the base of the metal plate, and at the free end. 
 ' ) U C UR C R (3.3) 
The moment-area theorem relies upon the moment-flexural rigidity ratio to construct the O ab⁄  
diagrams. Once these diagrams have been constructed, the moment-area theorem can then be 
applied to determine the horizontal displacement "[(. The moment-area theorem was used to 
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deformations in complicated loading situations. Figure 3.4 shows the O ab⁄  diagram used to 
represent the behaviour of the soil strain sensor during the suitability experimentation.  
 
Figure 3.3 – M/EI diagram for the Soil Strain Sensing Unit 
From structural design principles, it is known that the moment is going to be the greatest at the 
fixed point and almost zero at the free end and this conforms to the M/EI diagram shown in Figure 
3.3. In moment-area theorem, the horizontal displacement is equal to the area beneath the M/EI 
curve multiplied by the distance from the location where displacement is being calculated to the 
centroid of that area. 
Sensor Point 1 
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The deflection of the soil strain sensor at point zero (z = 0) is equal to zero because the sensor is 
fixed to the soil testing container. This means no deflection can be induced at this point. 
 ∆B) 0 (3.4) 
The deflection at Sensor Point 1 "∆( is given by Equation 3.5 shown below. The terms _ and _ 
refers to the areas located beneath the M/EI diagram shown in Figure 3.3.  
 ∆) o_ · pi2 qr G s_ · 2 · i3 t (3.5) 
The deflection at Sensor Point 2 "∆( is given by Equation 3.6. The terms _j and _l refers to the 
areas located beneath the M/EI diagram shown in Figure 3.3. 
∆) o_j · pi C i2 qr G u_l · 2 · "i C i(3 v G u_ · wi2 G "i C i(xv G u_ · wy2 · i3 z G "i C i(xv (3.6) 
The deflection at Sensor Point 3 "∆( is given by Equation 3.7. The terms _m and _n refers to the 
areas located beneath the M/EI diagram shown in Figure 3.3. 
∆j) o_m · pij C i2 qr G u_n · 2 · "ij C i(3 v G {_j · |"i C i(2 G "ij C i(}~  
G {_l · |w2 · "i C i(3 x G "ij C i(}~ G u_ · wi2 G "ij C i(xv
G u_ · wy2 · i3 z G "ij C i(xv 
(3.7) 
The areas for each region depictured on the M/EI diagram in Figure 3.3 and used in Equations 3.5, 
3.6 & 3.7 are shown below. 
 _ ) yOab · iz (3.8) 
 
_ ) p
OBab C Oab q · i2  (3.9) 
 _j ) wOab · "i C i(x (3.10) 
 
_l ) p
Oab C Oab q · "i C i(2  (3.11) 
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 _m ) wOjab · "ij C i(x (3.12) 
 
_n ) p
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3.4 Constructing the Soil Strain Sensing Units
The aluminium sheet that was used to construct 
hardware store. The sheet was cut into the appropriate lengths and sizes using conventiona
snips. The angled attachments that secure the soil strain sensor to the soil
angled brackets bolted to the metal plate. The next step in the construction process is to attach the 
sensors.     
3.4.1 Attaching the Fibre Bragg Grat
Firstly, it was necessary to clean the surface of the aluminium sheet with isopropyl to remove 
grease and dust to ensure a well bonded adhesion. Once 
was located on the aluminium plate
plate while the two part epoxy resin
Once the epoxy is mixed it is applied thickly to cover the FBG sensor and aluminium plate. Due to 
the epoxy being so stiff when it sets, 
fibre emerges from the epoxy resin
protects the glass fibre from fracturing. 
dry for 24 hours before the glass fibre extensions are spliced 
Figure 3.4 – Epoxy Resin and Silicone sealant used to attach the FBG sensor to the plate
  
 
the soil strain sensor was purchased from a local 
 testing container are 
ing (FBG) Sensors 
the surface was cleaned
. Sticky tape was used to secure the glass fibre to the aluminium 
 was being mixed.  
it is a requirement to add silicone seal
 (see Figure 3.4). The silicone sealant adds flexibility and 
It is advised to allow the epoxy and the silicone sealant to 





, the FBG sensor 
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To make sure that the optical fibres can reach 
required that glass fibre extensions were attached 
splicing processes. Before glass fibres can be spliced
cleaver shown in Figure 3.5. When cutting the fibres
to ensure an adequate bond and alignment during the 
Once the fibres have been cut, the protective coating must be removed before being 
splicing system used is the Vitel Series 2000 
Series 2000 system is semi-autonomous meaning the machine 
alignments and automatically splices 
particularly important in FBG sensor operations compared that to telecommunications fibres.
The final step of attaching the FBG sensors to the aluminium plate is to add another protective 
coating to the glass fibre so they are protected from
environments they will be located in.
Figure 3.
  
from the soil sensor to the interrogation unit, it is 
using the appropriate cutting, de
, they must be cleanly cut
, it must be ensured that 
splicing process. 
– Model S175 and it is shown in Figure 3.
completes the necessary glass fibre 
with minimal human prompts. Avoiding sign
 the abrasive nature of the geotechnical 
 




 with the optical fibre 
the fibre is cut square 
spliced. The 
6. The Vitel 
al loss is not 
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Figure 3.6 –
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3.5 Attaching the Electrical Strain Gauges
Attaching the electrical strain gauges to the aluminium plate is a relatively simpler operation
compared to attaching the FBG sensors. 
gauges (CEA-06-125UW-120) were used. 
electrical strain gauges is to ensure that 
electrical strain gauges can be attached with a cyanoacrylate based super glue. Only a small drop of 
superglue is required under each sen
It is advised to allow the adhesive to set for ten minutes before the communication wires are 
attached. Communication wires need to be soldered on to t
alloy. Once the soldering has been completed, a multimeter should be used to confirm t
resistance is between the tolerances of 
provided by manufacturer. The general electrical strain gauge arrangement is show in Figure 3.
Figure 3.7 – Electrical gauges 
  
 
In this dissertation, Vishay uni-axial general purpose strain 
As mentioned before, the first step 
the aluminium plate is cleaned with isopropyl alcohol. The 
sor to provided sufficient rigidity. 
he appropriate tabs
±0.3 of 120Ω. Soldering techniques and methodology was 






in attaching the 
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3.6 Strain Recording Devices
3.6.1 Spectrum Interrogation Unit
The FBG strain sensors were connected to a 
This is shown in Figure 3.8. The
not need to be balanced. This is one of the added advantages of FBG sensors over electrical strain 
gauge types. The interrogator unit is then connect
shows the user interface and command window displayed on the laptop. Peak data was saved at 1 
second intervals. 





Micron Optics – Optical Sensing Interrogator Unit
re is no need to balance the FBG sensors before testing as they do 
ed to a laptop via an Ethernet cable
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3.6.2 Vishay P3 Strain Indicator and Recorder Unit
The electrical strain gauges were connected to a Vishay P3 Strain Indicator and Recorder unit.
arrangement is shown in Figure 3.
using this device before experimentation took place. The Vishay Strain Unit was programmed to 
record strain readings at time intervals of 1 second.





10. The electrical strain gauges were automatically balanced 
 The recorded data was saved to a memory card 
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3.6.3 The MATAB script 
Due to the large number of iterations and time consuming calculations needed to analyse the results 
of the experimentation, it was decided that a M
simple standalone program that requires a simple
values stored as columns. Matlab
graphs and as a text file (.txt). The M
Appendix B.    
The script performs the following functions when operated:
1. The first step of the program a
menu. An example of this menu is shown 
Figure 3.11 – User interface to select appropriate 
2. The second step of the M
time. The graph will show four lines, one for each strain 
strain gauge or FBG sensor.
3. The next operational step of the M
input files into horizontal di
Research Design and Methodology
  
atlab program would be developed.
 tab delimited input .txt file with time and strain 
 analyses the data contained the .txt and outputs resul
atlab script used to analyse the results 
 
llows user to select appropriate input data from a pop
below in Figure 3.11. 
file to be analysed in MATLAB script
atlab program is to graphically plot the strains recor
gauge, whether it is an electrical 
 
atlab program converts the recorded strains located in the 
splacement using the principles described in Chapter 3 
. Basically, the strains are converted into moments using 
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 This script is a 
ts as two 
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elastic beam theory and then converted into 
theorem 2.   
4. Step five of the Matlab script is to plot the displacements of the soil strain unit at each time 
interval being 1 second. To calculate the displacements, a 
the Matlab script to perform the numerous iterations.
5. The last step of the M
displacement results versus time. An example of this output file is shown in Figure 
below. The left column shows








horizontal displacements using moment
‘for loop’ 
 
atlab script is to output a single text file (.txt) of horizontal 
 the time in seconds and the right column shows to calculated 
 The output files for each experiment are contained in the 




is programmed within 
3.12 
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3.7 The Soil Testing Container
The testing container is the experimental apparatus
and simulate the movement of a soil
criteria to be deemed adequate: 
1. Robust and sturdiness 
2. Ability to replicate experiments and achieve similar
To best simulate the movement of the soil mass and encourage 
can be easily detected by the soil sensing unit, it was decided to select a retaining wall model 
design. The retaining wall model allows for three diff
experimental apparatus.  These modes of failure include
top, and no rotation (Lateral movement)
further detail in the following sub
3.7.1 Soil Testing Container Design
The soil testing container was therefore designed to be
300mm x 80mm. It is made from 
the soil mass movement. To achieve the action of a retaining wall in failure, a
plywood is inserted to act as retaining wall and soil is filled in behind this





 that is used to contain the soil
mass. The soil testing container must meet the following 
 results 
a large amount of movement that 
erent modes of failure while using only simple 
; rotation around the base
. The retaining wall failure modes will be described in 
-sections. 
 
 a rectangular box, di
Ply wood backing and sides and a Perspex 
. Figure 3.
 with the soil strain sensor attached to the base of the 
13 – Soil Testing Container Layout 
 
49 
, secure the sensor 
for the 
, rotation around 
mensioned 500mm x 
front panel to observe 
nother length of 
13 below shows 
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3.7.2 Retaining Wall Modes of Failure 
Before the soil is filled in behind the retaining wall, the completed soil sensing unit is secured 
firmly to the base of the testing container. It must be ensured that the soil sensor is kept relatively 
vertical as the soil is being back-filled around it. However, this is not critical as the strain gauges 
will be balanced before testing. Each test is completed with only one soil strain sensor at a time.  
Figure 3.14 below is a visual representation of the general soil testing container and sensing unit 
arrangement.  In each experiment, the sensor will be attached 50mm from the retaining wall. This is 
done so that the results aren’t affected by the interaction between the retaining wall and the soil 
particle friction. The experimentation will investigate the three failure modes of retaining walls. 
These failure modes are: 
• Failure Mode 1 – Active pressure causing rotation around the base. 
• Failure Mode 2 – Passive pressure causing rotation around the top. 
• Failure Mode 3 – Active pressure causing lateral movement.  
 
 
Figure 3.14 – Soil testing container and soil strain sensing unit arrangement 
The failure mode is induced by manually operating the plywood retaining wall. After a failure mode 
has been induced in the retaining wall structure, the deformed soil mass will cause the sensing unit 
to deform. The attached sensors will record the strain and be subsequently analysed using the 
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3.7.2.1 Failure Mode I – Rotation around Base 
In this dissertation, Failure Mode I is referred to as rotation of the retaining wall around the base of 
the retaining wall. Figure 3.15 shows the idealised behaviour of the soil mass when the retaining 
wall is rotated around the base. The soil strain sensing unit is also shown being deformed as the soil 
shear plane is induced within the soilmass.   
 
Figure 3.15 – Idealised representation of failure that has occurred with rotation around the base 
3.7.2.2 Failure Mode II – Rotation around Top 
Failure Mode II is referred to as rotation of the retaining wall around the top of the retaining wall. 
Figure 3.16 shows the behaviour of the soilmass when the retaining wall is rotated around the top. 
This type of failure mode is seen in retaining walls that are anchored high in the soilmass to provide 
support against ‘toppling’ actions 
 















Deformed Soil Strain 
Sensing Unit 
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3.7.2.3 Failure Mode III – Lateral Movement
Failure Mode III is referred to as non
and base of the retaining wall moves freely. Figure 3.
the retaining wall moves laterally to the retained soilmass.
Figure 3.17 – Idealised representation of 
Figure 3.18 – Experimental setup. 
  
 
-rotational lateral movement of the retaining wall. Both the top 
17 shows the behaviour of the soilmass when 
 
failure that has occurred with lateral movement
Sensors have been connected and the unit is ready 
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3.8 Soil Strain Sensor Calibration Methodology 
Before the soil strain sensor can be used to measure horizontal deformations in laboratory 
conditions, calibration needs to occur. Calibration of the soil strain sensor is required to ensure the 
actual observed horizontal displacement is equal to the horizontal displacement outputted by the 
Matlab program.  
Therefore, a calibration experiment was devised where the soil strain sensor was deflected by a 
known displacement. This known displacement was then compared to the displacement calculated 
by the Matlab program. The ratio of the calculated displacement "[6( and the actual displacement 
"[( will give the calibration coefficient "6(. This calibration coefficient is then used to correctly 
scale the calculated results during the actual testing. The calibration coefficient is shown in 
Equation 3.14. 
 6 ) [6[ (3.14) 
The calibration test was completed three times using different known displacement as a base point 
to ensure the calibration coefficient is suitable for all testing conditions. The calibration 
methodology is shown below. 
1. Secure the soil strain sensing unit to a rigid object like a table. Set up a plain sheet 
background and mark the position of the initial position. 
2. Attached the wires and connectors from the soil strain sensor to the appropriate strain 
recording devices. 
3. Keep the background sheet in the same position and apply a displacement to the soil strain 
sensor. Mark the new position on the plain sheet background and return the sensor to its 
original position. 
4. Use a ruler to find the value of actual displacement and compare this value to the calculated 
displacement from the Matlab output. 
5. Finally, apply Equation 3.14 to determine the calibration coefficient for each point along the 
soil strain sensor.     
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3.9 Suitability Experimental Methodology 
The suitability experimentation involves assessing the accuracy and precision of FBG sensors in 
recording strains and correct soil displacements in geotechnical environments. The experimentation 
methodology is shown below. 
1. Install the soil strain sensing unit to the soil testing container using the methods described in 
the previous sections. 
2. Replace the plywood acting as the retaining wall structure, and back fill soil behind this 
wall. Ensure that the soil strain sensing unit is vertical while the soil is being poured around 
the sensor. It may be necessary to clamp the soil testing container to support the retaining 
wall while the void is being filled. 
3. The appropriate wires and connectors are attached to each sensor unit. The electrical strain 
gauges are attached to the Vishay P3 Strain Recorder Unit and the FBG sensors are linked to 
the Spectrum Interrogating Unit. The units are then switched on to begin operation. 
4. The clamp supporting the retaining wall is removed and the failure mode to be tested is 
induced manually. The operator has the option to support the base while rotating the top to 
simulate failure mode I, or support the top while rotating the base to simulate failure mode 
II, or lastly support no point and laterally move the retaining wall to simulate failure mode 
III. 
5. It is encouraged for the user to conduct the test over a long duration, such as 1 minute, to 
ensure to soil strain sensor records appropriate amount of data so that modelling and after 
testing analyses can be completed. 
6. Once the test is completed, the soil must be removed from the soil testing container in 
preparation for the next test. This must be done gently to ensure to that the sensor is not 
damaged. Additionally, it is recommended that when the soil is poured into or removed from 
the soil testing container that it is done outside or in a ventilated environment. Dust from the 
dry granular material can be irritating to the eyes and throat and cause problems with the 
strain recording equipment. 
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3.9.1 Suitability Testing Examples
Figure 3.19 – Testing in progress (Failure Mode II 
Figure 3.20 – Testing in progress (Failure Mode I 
  
 
– Rotation around Top) 
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3.10 Durability Experimental Methodology 
The basis behind the durability experimentation is to assess the resilience and durability of the soil 
strain sensor. Geotechnical environments can often be considered as ‘hostile’ as explain by 
Schmidt-Hattenberger et al. (2003). The durability experimentation was designed to test two hostile 
conditions that are often experienced in geotechnical environments. The two hostile environments 
that were modelled are: 
1. High Moisture content soils 
2. Electromagnetic radiation 
3.10.1 High Water Moisture Content Experimentation 
Interacting with high moisture content, while monitoring soil and rock movement, is a common 
problem facing geotechnical engineers. High water tables, inadequate drainage and rainfall all 
introduce moisture to the soilmass. Conventional strain gauges are susceptible to corrosion in these 
moisture laden environments. This experiment is designed to test whether FBG sensors are resistant 
to water ingress and corrosion.  
1. Install the soil strain sensor into the soilmass using the principles described in the previous 
subsections. Insert the retaining wall and clamp it into position. 
2. Gather a dry soilmass and saturate the sample to increase the water content of the soil. The 
percentage of moisture content is not important. The result of increasing the water content is 
to represent a wet or water logged geotechnical environment. 
3. Pour the high water content soilmass into the soil testing container and ensure that it 
adequately surrounds the soil strain sensor.  
4. The duration of the test is four days. This is to allow the moisture from the soil to work its 
way into the sensors. It is necessary to check the response of the sensors every day and note 
if any sensors fail to work. 
5. At the end of the four days, the test is terminated by inducing Failure Mode I and recording 
the results for interpretation.  
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3.10.2 Electromagnetic Experimentation 
Electromagnetic radiation (EMR) interference is another common problem that occurs in 
conventional electrical strain gauge sensors. Close proximity to powerlines, vehicular movements, 
and ferromagnetic ore bodies are common sources that induce anomalies in electrical strain gauges. 
Kato & Kohashi (2006) have even mentioned instances where the EMR from lightning in the 
mountainous region of Japan have destroyed electrical strain gauges in ground monitoring systems.  
The methodology of the electromagnetic interference experiment used to test the immunity of FBG 
sensors to EMR is shown below.    
1. Install the soil strain sensor to the soil testing container using the methods described in the 
previous sections. 
2. Replace the plywood acting as the retaining wall structure and back fill behind this wall. 
Ensure that the soil strain sensing unit is vertical while the soil is being poured around the 
sensor. It may be necessary to use a clamp the soil testing container to support the retaining 
wall while the void is being filled. 
3. The appropriate wires and connectors are attached to each sensor unit. The electrical strain 
gauges are attached to the Vishay P3 Strain Recorder Unit and the FBG sensors are linked to 
the Spectrum Interrogating Unit. The units are then switched on to begin operation. 
4. Locate one set of rare earth magnets near the electrical strain gauges 2 and 4 on soil strain 
sensor. The magnets are placed on the outside of the soil testing container and taped to the 
wall. It is important to keep all electrical equipment away these magnets as they will cause 
significant interference. 
5. Failure Mode I is then induced throughout the soilmass. It is important to monitor the 
behaviour of the soil sensor as it enters and exits the magnetic field to see if major 
distortions occur in the results.   
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3.10.3 Durability Testing Examples
Figure 3.21 – Electrical strain gauge after High Moisture Content Testing. Notice the ingress of soil particles and
Figure 3.22 – Rare earth 
  
 
moisture around the connection nodes 
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4.1 Introduction 
Risk Management is often referred to as the logical and systematic approach to the uncertainty of 
hazards identified in the workplace. It is not only a process but a means of changing a society’s 
view on workplace health and safety (Fulcher 2010). 
Under the Workplace Health and Safety Act 1995 (QLD) everyone in a workplace is responsible for 
their own safety plus the safety of everyone else in the workplace. Some parties, such as employers, 
may retain a higher proportion of the responsibility but risk management and workplace health and 
safety is an issue for everybody.    
4.2 Risk Assessment and Management 
Risk assessment and risk management is an important process in the testing and experimentation 
process. Risk management involves two major steps; the identification of appropriate risks and 
hazards, and secondly the risk controls.    
Working in the University of Southern Queensland’s (USQ) workplaces and laboratories are no 
different to working in any other workplace. Experimentation and using the testing tools involves 
some inherent dangers and these dangers must be minimised. To minimise these risks the 
University of Southern Queensland provided training for all students in the laboratories. The 
laboratories used in the experimentation are listed below: 
• USQ’s Soil Testing Laboratory (Z101) 
• USQ’s Fibre Composite Laboratories (P11 & P7)  
Before testing was undertaken, a risk assessment was used to identify potential hazards that may be 
encountered. The classic Risk Assessment Matrix was used as it provides a quick and easy method 
of comparing risks. The Risk Assessment Matrix can be found in the Appendices. 
4.2.1 What were the risks? 
The best place to start in any risk assessment is to identify the potential risks, the likelihood of them 
occurring and the consequences if something does go wrong. Identification of existing and potential 
controls also demonstrates that the risk has been identified and appropriate action to deal with that 
hazard is in place.  
The Use of Fibre Bragg Grating (FBG) Sensors in Geotechnical Applications 
 
Chapter 4 – Risk Management  61 
The risks involved in laboratory work are identified in the risk assessment table shown in Table 4.1 
on the next page. These risks are all very low. There are no major risks or life threatening hazards 
identified for the tasks that have been prepared. The workplaces and equipment being used in the 
workshop require minimal supervision or training.   
4.2.2 What were the controls? 
The controls were measures put in place to ensure to potential hazards do not compromise the 
health and safety of any underground employees. The risk assessment table on the next page 
identifies the existing and additional controls used during laboratory work. The major controls 
already in place are things such as equipment training and wearing appropriate personal protective 
equipment (PPE). 
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4.3 Workplace Risk Assessment 
Table 4.1 – Workplace Risk Assessment (hazards identified and controlled) 
 Existing Scenario Controlled Scenario 
No. Hazards Identified Existing Controls Consequence Likelihood Risk 
Additional Controls 
Identified 
Consequence Likelihood Risk 
1 
Injury to self from 
solitary work 
• USQ’s laboratory 
safety induction 
course. 
1 D 2 
• Working in pairs 
(never alone) 
1 D 2 
2 
Dust in confined 
spaces and non-
ventilated areas 
• Ensure adequate 
ventilation such 
as open windows 
and exhaust 
machinery 
1 D 2 
• Wear adequate PPE 
(dust mask) 
1 E 1 
3 
Injury to self  from 
using advanced and 
complicated 
machinery and testing 
facilities 
• USQ’s laboratory 
safety induction 
course. 
• Wear appropriate 
PPE 
2 E 3 
• Machine specific 
training. 
2 E 3 
4 
Injury resulting from 
slip, trips and falls 
• USQ’s laboratory 
safety induction 
course. 
• Clean Workplace 
etc. 
1 D 2 • N/A 1 D 2 
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5.1 Introduction 
The results and discussion section in this dissertation will compile the raw and processed results and 
then discuss the main conclusions 
discussed include; the significance of the results
geotechnical applications, and how the results can be improved in future experimentation
The results and discussion section will
conventional soil strain sensor and the results for the FBG soil strain sensors. These two main result 
categories can be broken up even further into three sub
suitability experimentation results and durability experimentation results. 
In the summary, at the end of this section, the results for both categories will be brought together 
and compared to each other to assess the suitability of FBG sensors in ge











that can be drawn from these results. Factors that will be 
 in regards to the use of FBG sensors in
 be broken up into two main categories;
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5.2 Conventional Soil Strain Sensor Results
5.2.1 Calibration Test Results
The calibration of the conventional soil strain 
the Matlab script were similar to the actual
5.6 below, shows the Matlab graphical output 
Test 2 and 3 are located in the 
located in Appendix F. 
Figure 5.2 – Strain readings for 




sensor was to ensure that the 
 behaviour of the soil strain sensor. Figure 5.5 
for Calibration Test 1. The results for Calibration 
Appendix C. The data input files (.txt) files 
each strain gauge during Calibration
of the conventional soil strain sensor for Calibration 
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results outputted from 
and Figure 
for the calibration is 
 
 Test 1 
 
Test 1 
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The calibration results for the conventional soil strain sensor are summarised in Table 5.1. The 
method used to calculate the calibration coefficient can be found in Chapter 3 – Research Design 
and Methodology. See Figure 3.3 to visually identify the locations listed in Table 5.5.    
Table 5.1 – Calibration Coefficient Results for Conventional   









 6 6.3 0.95 
 30 34.2 0.88 
j 50 54.2 0.92 
Calibration 2 
 8 9.2 0.87 
 45 50.4 0.89 
j 73 80.6 0.91 
Calibration 3 
 2.2 2.4 0.92 
 10 11.7 0.85 
j 16 18.5 0.86 
 
The results shown in the Table 5.1 shows that the Matlab script outputs calculated values that are 
similar to the actual results. In every calibration case, the calculated results were larger than the 
actual results. This is also supported by the fact that every calibration coefficient shown in Table 
5.1, is below 1.0. If the calibration coefficient values were larger than 1.0, this would mean the 
actual displacement is larger than the calculated values. 
The lowest calibration coefficient value is 0.85 and the highest value is 0.95. The average value of 
the calibration coefficient for each location will be used. The calibration coefficients for the 
conventional soil strain sensor are located in Table 5.2 below. Once the calibration was completed, 
the averaged calibration coefficients were programmed into the Matlab script so that the final 
testing results would be correct. 
Table 5.2 – Calibration Coefficients for each location along the conventional sensing unit 
Location Formula Calibration Coefficient 
 "0.95 G 0.87 G 0.92( 3⁄  0.91 
 "0.88 G 0.89 G 0.85( 3⁄  0.87 
 0.92 G 0.91 G 0.86 3⁄  0.90 
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5.2.2 Results from Suitability
The results outputted from the M
results for each failure mode 
summarised with the results from the FBG soil strain sensor 
section.   
5.2.2.1 Retaining Wall Test –
The conventional soil strain sensor pr
Mode I (Rotation around the Base).
of the deflected plate behave similarly to the strains recorded to the negative side of the me
This result was expected as Poisson’s Ratio suggests that 
certain distance away from the neutral axis
It can be seen from Figure 5.4, that Sens
is because both of these sensors are located close to the base of the soil strain sensor
greatest strain concentration is located
measurements increases greatly from 
deduced that, ‘the steeper the lines are on Figure 5.4 the faster the soilmass deforms
change for Sensors 2 and 4 is much less
soil sensor has stopped moving but is still under deformation. 
Figure 5.4 – Strain readings for each strain gauge during RWTRABS Test
Increased rate of deformation
  
 Experimentation 
atlab script for the suitability testing is shown below
being discussed. The main results from this section will be 
in the summary at 
 Rotation around Base in Sand (RWTRABS)
ovided very good results for the Retaining Wall T
 Figure 5.4 shows that the recorded strains on the positive side 
strains on either side of neutral axis
, will be the same value but opposite in direction.    
or 1 and Sensor 3 record the greatest amount of strain. This 
. It is also apparent that the rate of change for the st
the 10 seconds interval to the 30 seconds
. Finally, the time frame of 40 to 60 seconds shows that the 
 
 No rate of deformation
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 with the 
the end of the results 
 
est – Failure 
tal plate. 
, at a 
   
 where the 
rain 
 interval. It can be 
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Figure 5.5 graphical shows the idealised 
rotated around the base. The resting position of the retaining wall is represented by the ‘
It is visible that the resting position of the 
retaining wall. This means that the movement of the soil strain sensor is representative of the 
retaining wall.  
Figure 5.5 also shows the location where the rate of 
large blank gaps between the blue lines. In a ground movement situation, m
soilmass deformation is a good indicator of impending failure. 
Figure 5.5 – Horizontal displacement 
  
Increased rate of deformation
Retaining Wall   
  
movement of the soil strain sensor as the retaining wall i
soil strain sensor is parallel to the resting position of the 
deformation increased. This is shown 
 







onitoring the rate of 
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5.2.2.2 Retaining Wall Test – Rotation around Top in Sand (RWTRATS) 
The conventional soil strain sensor provided poor results for the Retaining Wall Test – Failure 
Mode II (Rotation around the Top). Figure 5.7 below shows that that the soil sensor design is 
inappropriate at monitoring retaining walls that fail by Failure Mode II (Rotation around the Top). It 
can be seen that there is very little movement recorded at the base of the retaining where the largest 
deformation occurs. However, in Figure 5.7, it can be seen that soil sensor deflects into the soilmass 
at the top.  
The best theory to explain why this occurs is Coulombs Wedge Theory. As the base of the retaining 
wall fails, the soilmass ‘wedge’ behind the retaining wall flows in to fill the void that has been 
created. Through conservation of mass, a void that is created at the surface of the soilmass, allowing 
the soil strain sensor to deflect into the soilmass at this point.  
Figure 5.6 shows the strains recorded at each strain gauge. This graph is much more complicated 
that the Strain vs. Time relationship shown in Figure 5.4. As the soilmass wedge moves into the 
void created at the base of the retaining wall.  
At the beginning of the test, as the retaining wall starts to move, a small void is formed at the base 
of the retaining wall. From the results in Figure 5.6, it is assumed that there is an overwhelming 
force to fill the void so the soilmass mass can remain in equilibrium. However, the friction between 
the soil particles and the retaining wall and the friction between the soil particles and the walls of 
the soil testing container combined with the damp nature of the soilmass induces a significant force 
that pushes the top of the soil strain sensor towards the retaining wall and subsequently inducing a 
strain concentration at the base of the soil sensor. 
This represented by the first 15 seconds of data in Figure 5.6 where the strains recorded by the 
electrical strain gauges 1 and 3 are much larger than the values recorded in gauges 2 and 4. As the 
friction between the soil particles and the walls are overcome, the wedge fills the void at the base of 
the retaining wall. As this happens, the strain concentration as the base of the soil sensor is relieved. 
The void created at the surface of the soilmass allows the soil sensor to deflect in towards the stable 
soilmass. This is represented in Figure 5.6 at the time interval of 22 seconds, where the strain data 
from Sensors 2 and 4 intersect with the strain data from Sensors 1 and 3.  
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Figure 5.6 – Strain readings for each strain gauge during RWTRATS Test
Finally, as shown in Failure Mode I 
retaining wall is parallel to the final position of the soil 
that the displacement of the base of the retaining w
soil sensing unit. No direct relationship 
measurements, but the FBG soil sensor recorded similar results.
Figure 5.7 – Horizontal displacement 
Sensor displacement into soilmass
Retaining Wall displacement






Retaining Wall   
  
– Rotation around the Base, the final resting position of the 
strain sensor. It can be seen in
all is similar to the displacement of the top of 
has been established between the
 
of the conventional soil strain sensor for RWTRATS Test
 
 
Possible correlation between the displacement at the 
top of the soil sensor and the displacement at the base 
of the retaining wall 
Soil sensor begins to deflect towards the stable soilmass 
The pressure from the soil wedge causes the curvature of 





 Figure 5.7, 
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5.2.2.3 Retaining Wall Test –
The conventional soil strain sensor provided good results for the Retaining Wall Test 
Mode III (Rotation around the Base).
Mode III causes sudden and dramatically failure of the soilmass behind the retaining wall. It was 
assumed that the sudden failure occurs because of the retaining 
when compared to the other failure modes. From these results, it is possible to 
walls that failure due to lateral movement will be the most destructive due to the rapid failure
Figure 5.8, the time interval from 
laterally in towards to the soilmass as the test was being prepared.
significant except that the strain recorded by all of the strain gauges are similar in magnitude 
therefore it shows that the initial pushing force acted laterally. 
The next 5 seconds is the most significant part of the experiment. The t
time 14 seconds shows the entire soilmass failing
support at all, and the soilmass wedge 
seconds shown in Figure 5.8, shows that 
noticed that some of the strain is 
Sensors 2 and 4 are almost zero for the remainder of the experiment. This occurs because the soil 
surrounding the top of the soil strain sensor no longer exist as it has propagated to fill the void 
produced by the lateral movement o
Figure 5.8 – Strain readings for each strain gauge during RWT
Sudden failure of 
entire soilmass
Initial lateral push 
of the retaining wall 
  
 No Rotation in Sand (RWTNRS) 
 It can be seen from both Figure 5.8 and 5.9 that the Failure 
wall provide
3 seconds to 8 seconds shows where retaining wall was pushed 
 This is not particularly 
  
ime interv
 dramatically. The retaining wall provid
is allowed to fully move within a few 
no more deformation occurs on the sensor. It is even 
being relieved from the soil strain sensor. The strain recorded from 
f the retaining wall.  
NRS Test
 
No more deformation. Strain 




s very little support 
deduce that retaining 
. In 
al 9 seconds to 
es no 
seconds. The last 15 
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The final point that can be made about this test is that
final resting place of the soil strain sensor is not parallel to the resting position of the retaining wall. 
However, it was noticed that the total horizontal displac
similar to the total lateral displacement of the retaining wall. Figure 5.7 shows the region of sudden 
failure and total horizontal displacement of the soil sensor.
Figure 5.9 – Horizontal displacement 
  




Retaining Wall   
  
 unlike the previous two failure modes, the 
ement at the top of the soil sensor was 
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5.2.2.4 Retaining Wall Test –
The conventional soil strain sensor provided excellent results for the Retaining Wall Test 
Mode I (Rotation around the Base) when gravel was used instead of sand. It 
gravel test would perform better than the sand due to it b
soil strain sensor.  
Additionally, due to its granular nature, the gravel was more likely to ‘flow’
sensor, whereas the sand tests had a habit of building
this ‘build-up’ was a combination of the sand not being fully dry, and the soil testing container not 
being wide enough. The friction influence from the close proximity 
not allow the soil to ‘flow’ freely aroun
used and good results were achieved.
Other than the points stated above, the conventional soil sensor produced results for the gravel test 
similar to the results produced with the sand. Figure 5.10 a
the interpretation of the results utilises the same process discussed above when using sand.   
Figure 5.10 – Strain readings for each strain gauge during RWT
  
 Rotation around Base in Gravel (RWTRABG
eing heavier and more likely to 
 up behind the soil sensor. It is a
of the walls
d the sensor. In the following experiments, dry sand was 
 







was expected that the 
deflect the 
 around the soil strain 
ssumed that 
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Figure 5.11 – Horizontal displacement 
The discussion of the results for
completed. The results of the durability testing on the conventional soil strai
located in the next section. 
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5.2.3 Results from Durability Experimentation
The results for the durability testing on the 
5.2.3.1 Moisture Content Test
The durability results for the conventional
behaved as predicted. When the conventional sensing unit was exposed to the soil mass containing 
the high moisture content, the unit failed to operate on the day of testing. The testing of the 
influence of the high moisture content 
This was to ensure the moisture from the soilmass had time to 
infiltrate into the sensor.  
Figure 5.12 below shows the horizontal deformation graph output from the M
visually seen that the program was unable to produce results because to the amount of deformation 
at electrical strain gauges 1 and 
and failed to record results. The electrical 
it is assumed that moisture surrounding these sensors was able to drain away before the moisture 
could penetrate the protective tape covering the sensor. 
Figure 5.12 – Horizontal displacement 
Retaining Wall   
  
 
conventional soil strain sensing unit are located below. 
 
 soil strain sensing unit were very interesting and the unit
soilmass required the sensor to be undisturbed for four days. 
breach the protective tape and 
3 cannot be calculated as the electrical strain gauges malfunction 
strain gauges 2 and 4 still were able to record results and 
 





atlab script. It can be 
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Upon further examination of the 
strain gauges that were surrounded with the soil with the higher moisture content had started to 
corrode. The moisture within the soil mass had penetrated into the electrical strain gauges and had 
initiated corrosion in both the connections and t
Figure 5.13 confirms the results shown in Figure 5.12. Both Sensor 3 and Sensor 1 did not record 
any results due to the corrosion. Additionally, it can be noticed that amount strain subjected to 
Sensors 2 and 4 is less than the other resu
layer of sand exposed to the air. As the sand started to dry, it became stiffer than the rest of the 
soilmass. This also caused the soilmass to support most of its own weight when the retaining wall 
was moved to failure. 





conventional soil strain sensor, it was noticed that the e
he sensor itself. 
lts. This was attributed to the hardening of the surface 
the High Moisture Content
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5.2.3.2 Electromagnetic Interference Testing
The placement of the rare earth magnets had a significant 
had a significant influence on the results obtained by the electrical stain gauges. Figure 5.14 clearly 
shows the distortion field.   Once the sensors moved away from the magnetic 
the sensors started to behaved relatively normally again.
Figure 5.14 – Horizontal displacement 
Figure 5.15 – Strain readings for each strain gauge during the High Moisture Content Test
Retaining Wall   
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of the conventional soil strain sensor for the Electromagnetic Interference 
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5.3 FBG Soil Strain Sensor Results 
5.3.1 Calibration Results 
The calibration coefficient was an important aspect in preparing the FBG sensor for testing. The 
epoxy resin that was used to secure the FBG sensor to the aluminium plate significantly increased 
the stiffness and therefore affected the calculated values of the Matlab script.  
The calibration results for the conventional soil strain sensor are summarised in Table 5.3 below. 
The method used to calculate the calibration coefficient can be found in Chapter 3 – Research 
Design and Methodology. See Figure 3.3 to visually identify the locations listed in Table 5.3.    
Table 5.3 – Calibration Coefficient Results for the FBG Soil Strain Sensor   









 10 14 0.71 
 55 61.7 0.89 
j 83 91.9 0.90 
Calibration 2 
 4.0 5.6 0.71 
 24 26.6 0.90 
j 38 40.7 0.93 
Calibration 3 
 4 5.2 0.77 
 22 24.7 0.89 
j 36.5 39.1 0.93 
 
The results shown in the Table 5.3 show that the Matlab script does not adequately output 
calculated values. These values are significantly different to the actual displacement values. The 
actual displacements for the FBG soil sensor were much less than the Matlab calculated values.  
It was hypothesised that the actual displacements would be lesser than the calculated displacement 
values as the increased stiffness of the aluminium plate would make it less likely to bend. 
In each calibration case, the calculated results were larger than the actual results. The lowest 
calibration coefficient value is 0.71 and the highest value is 0.93. The average value of the 
calibration coefficient for each location will be used.  
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The final calibration coefficients for the 
calibration was completed, the averaged calibration coefficients were programmed into the M
program so that the testing results would be correct.






Figure 5.16 shows that horizontal displacement of the FBG soil strain sensor during Calibration 
Test 1. It can be seen at that the FBG soil strain sensor exhibits a movement that is much more 
linear that the conventional soil strain. This can be attr
increased stiffness due to the epoxy resin.
Figure 5.16 – Horizontal displacement 
Retaining Wall   
  
FBG soil strain sensor are located in Table 5.
 
FBG sensing unit 
Formula Calibration Coefficient
"0.71 G 0.71 G 0.77( 3⁄  
"0.89 G 0.90 G 0.89( 3⁄  
0.90 G 0.93 G 0.93 3⁄  
ibuted to the FBG soil sensor possessing 
 
of the FBG soil strain sensor for Calibration Test 1
 
Increased linear behaviour of the FBG soil 
strain sensor due to increased stiffness 
from the epoxy 
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5.3.2 Results from the Suitability Testing
The results for the suitability testing are located below. This section will examine the 
sensor results and compare them to
soil sensor. 
5.3.2.1 Retaining Wall Test –
The results obtained from the FBG soil sensor when Failure Mode I (Rotation around the Base) was 
modelled are very good. If the horizontal displacement shown in 
horizontal displacement recorded by the conventional strain
results are very similar. The maximum deformation for the FBG sensor is about 10mm less than the 
maximum deformation displayed by the conventional soil sensor
that, in the FBG soil sensor results, significant deformation occurs close to the base of the 
aluminium plate. After this point, the deformation of the soil strain sensor becomes very line
When compared to the conventional sensor results, it is seen that deformation occurs gradually 
along to length of the sensor, which is expected. Both of these differences in results are being 
attributed to the epoxy coating used on the FBG 
plate. However, even though there are some slight variances in the results between the sensor types, 
it can be assumed that the FBG sensors performed very well in this test. In the future it may be 
possible to replace the stiff epoxy with another 
exhibited in this experiment.     
Figure 5.17 – Horizontal displacement 
Retaining Wall   
  
 
 results discussed in the previous section 
 Rotation around Base in Sand (RWTRABS)
Figure 5.13 is compared to the 
 for the same test, it can be seen that the 
. Another point worth noting is 
fibres to attach the FBG sensor to the aluminium 
adhesive that will not cause the same issues 
of the FBG soil strain sensor for RWTRABS
Linear behaviour of the FBG soil strain 
sensor due to epoxy 
High deformation of FBG soil sensor 
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5.3.2.2 Retaining Wall Test –
Similar to the results obtained by the conventional soil sensor, the FBG soil sensor 
measuring the deformation of the 
Top). In fact it can be seen on Figure 1.14 that the 
contrary to the actual movement of the s
the FBG sensor.  
The explanation behind the behaviour of the soilmass
both cases, is contained in the discussion section of the conventional sensor results.
thought that a combination of the soilmass
of securing the sensors at the base of the container
measured. 
Figure 5.18 – Horizontal displacement 
       
  
  
 Rotation around Top in Sand (RWTRAT
soilmass for Retaining Wall Failure Mode II (Rotation around 
deformation hardly exists at all. 
oilmass which should have been located near the base of 
, and why the soil sensors failed to work 
-container wall interaction causing friction, and the 
, meant that is impossible for deflections to be 




is inadequate at 
These results are 
in 
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5.3.2.3 Retaining Wall Test –
The FBG soil sensor also performed 
movement). When the results for the F
sensor it can be seen that both the behaviours exhibited the sudden failure. Th
be seen on figure 5.15. 
A detailed description of the reason behind the sudden failure of the soilm
conventional results section, but basically it was attributed to the fact
moved laterally, there is very little
very quickly. Additionally, once the test has been fully completed
from the sensor as there is no soilmass to continue applying the pressure.
One of the main differences between
results of the conventional sensor 
much less than the total deformation recorded by the conventional sensor. Once again, this is 
directly attributed to the increased stiffness of the FBG sensor due to the e




 No Rotation in Sand (RWTNRS) 
very well in retaining wall test Failure Mode III (lateral 
BG sensor were compared to that of the conventional soil 
 that when a retaining wall is 
 support at all for the moving soilmass. Therefore, failure occurs 
, some of the strain is relieved 
    
 the results from the FBG soil sensor when compared to the 
is that the amount of deformation recorded 
poxy resin.




e sudden failure can 
ass is give in the 
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5.3.3 Results from Durability Experimentation 
The results from the durability tests for the FBG soil sensor will be combined together in this 
section. The discussion of the durability tests was subdivided for the conventional soil sensor 
because each of the durability tests produced very differing results. However, the FBG soil sensor 
recorded results excellent results that are were not influenced by the hostile conditions. 
The EMI test conducted to the FBG sensor was very successful. There were no discrepancies in the 
FBG sensor results like the ones induced in the conventional soil strain sensor. The same can be 
said about the results for high moisture content testing. In the high moisture content test, all the 
sensors on the FBG soil sensor continued working whereas on the conventional the electrical strain 
gauges 1 and 3 failure to operate due to corrosion. 
Another factor that can be considered why the FBG sensors performed well dor the durability 
testing is that the FBG fibres were protected by the epoxy resin and silicone used to attach the 
sensor to the aluminium plate. 
The following three graphs compare the deformation of the FBG soil sensor under different hostile 
conditions. Each of these tests was subjected to Retaining Wall Failure Mode I (Rotation around the 
base). Figure 5.15 shows the FBG sensor under normal non-hostile conditions. This graphs acts as 
the ‘normal’ for the durability testing results.  
Figure 5.16 shows the behaviour of the soil sensor under High Moisture Conditions, and Figure 
5.17 shows the behaviour of the FBG soil sensor under EMI conditions. It is clear to see that both 
Figure 5.16 and Figure 5.17 show horizontal displacement that is the same as the shown in the 
control graph, Figure 5.15. In conclusion, the FBG soil sensor is not affect by effect 
electromagnetic interference or high moisture geotechnical environments. 
This concludes the discussion of the results for the FBG and conventional soil strains sensors. The 
nest sub section is the summary, and it will briefly list the most important results discussed in this 
section of the dissertation.  
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Figure 5.20 – Horizontal displacement 
Figure 5.21 – Horizontal displacement 
Figure 5.22 – Horizontal displacement 
  
of the FBG soil strain sensor for RWTRABS
of the FBG soil strain sensor for Durability Test (EMI)
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5.4 Summary of Results 
In conclusion, the results show that, under suitability testing conditions, the FBG soil strain sensor 
produces results that are similar to the results recorded by the conventional soil strain sensor. The 
slight difference between the results is attributed to the epoxy resin used to attach the FBG sensors 
to aluminium plate.  
The most significant result from this dissertation is that FBG sensors perform extremely well in 
hostile environments. During the durability testing, the FBG soil sensor produced results that are 
almost exactly the same as the results produced during the suitability testing.  
The other important results and significant trends that were identified during the experimentation 
are bullet pointed below.  
• Both the FBG and conventional soil strain sensors perform very well during the retaining 
wall testing, especially for Failure Mode I (Rotation around the base). In this failure mode, 
the horizontal displacements of the soil strain sensors accurately represent the final resting 
position of the retaining wall. The sensors not only accurately the record amount of 
displacement, but also accurately recorded the rate of deformation, which is an important 
indicator of retaining wall failure. 
• However, during Failure Mode II (Rotation around the top), both the FBG and conventional 
soil strain sensors produce poor results. The displacement of the soil strain sensors does not 
directly indicate the behaviour of the soilmass. Although, the results from both sensors show 
that there may be a direct correlation between the displacement recorded at the top of the 
soil sensors and the displacement of the base of the retaining wall. 
• In Failure Mode III – No Rotation (lateral movement), the soilmass failed suddenly. This is 
recorded by both the FBG and conventional sensor. Even though the final resting position of 
the soil strain sensors does not match the final resting place of the retaining wall, the total 
amount of deformation at the top of soil strain sensor corresponds to the total lateral 
translation of the retaining wall. 
• During the durability testing. The conventional soil strain sensor failed to work adequately 
whereas the FBG soil sensor operated without any problems. During the electromagnetic 
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interference testing, the results from the conventional soil strain gauge were highly distorted. 
In the high moisture content testing, the conventional soil sensor failed to operate at all 
because sensors 1 & 3 became corroded. 
• The epoxy resin used to secure the FBG fibres to the aluminium plate increases that stiffness 
of the plate, but this is accounted for is the calibration coefficients. The epoxy could also be 
acting as an extra coating, protecting the FBG sensors from the influences of the hostile 
conditions. It is recommended that another method is used to attach the FBG sensor in the 
future to avoid these problems. 
• Additionally, it was noticed that the tests that utilised dry granular material achieved better 
results. Furthermore, it is believed that the interaction of the walls of the soil testing 
container, and the soil friction had a detrimental effect on the results. It is recommended that 
in the future, soil testing container is designed to avoid this soilmass-wall interaction.  
• Finally, it must be noted that the total amount of horizontal deformation recorded by both 
the FBG soil sensor and the conventional the soil strain sensor was highly dependent upon 
the distance of the sensor to the retaining wall structure. The amount of deformation 
recorded decreases as the location of the soil strain sensors moves away from the retaining 
wall. This results is to be expected, because as the soil sensor moves away from the 
retaining wall, the volume of the of the soil wedge acting on the soil sensor, as depicted in 
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6.1 Introduction 
This dissertation has successfully assessed whether Fibre Bragg Grating (FBG) sensors are suitable 
for geotechnical applications. The experimentation showed that FBG sensor can not only produce 
accuracy strain readings, but they are immune to electromagnetic radiation (EMR) and corrosion. 
These results not only prove that FBG sensors can be used to monitor soilmass deformation, but it 
also confirms the information and comments from other technical papers suggesting FBG sensor are 
resistant to EMR and corrosion. 
The design and construction of the soil strain sensors was also successful. Due to the simplistic 
nature of the soil sensors, it meant that the sensor could be analysed using simple theories, such as 
the elastic beam theory, and moment-area theorems. The simplicity of the design is also reflected in 
the Matlab script that was developed. The Matlab script performed very well in combination with 
the calibration coefficients. The majority of calibration coefficients ranged from 0.85 – 0.90, 
meaning that the assumptions used within Matlab script could already achieve a high degree of 
accuracy. 
The next section of the conclusion discusses the problems and challenges that were faced while 
completing the experimentation sections this dissertation.    
6.2 Problems and Challenges 
There were a number of problems and challenges that had to be overcome during the progress of 
this dissertation. These problems have been discussed in the main body of the dissertation but they 
have been gathered to provide the reader with a quick reference. The problems will be described 
below and solutions will be suggested to avoid these problems in the future. 
6.2.1.1 Epoxy Resin 
The most significant problem encountered during this dissertation was that the epoxy resin used to 
attach the FBG sensor to the aluminium sheet caused the stiffness of that section to increase 
significantly. This change in thickness was compensated with the use of a calibration coefficient 
and the manipulation of the elastic beam theory in the Matlab script. In future testing, it is advised 
to use an epoxy resin that exhibits much less stiffness, but continues to ensure that the strains are 
properly transferred from the aluminium sheet to the FBG sensor. Any slippage between the 
aluminium sheet and the FBG sensor would cause more problems in the sensors results. 
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6.2.1.2 Design of the Soil Testing Container 
Another problem that was suspected of influencing the soil sensor results is the design of the soil 
testing container. It is hypothesised that the interaction between the soilmass and the walls of the 
soil testing container had a detrimental effect on the behaviour of the soil sensors. It is assumed that 
the soilmass-container wall interaction caused friction to be formed that stopped the soilmass from 
freely flowing. Future designs of soil testing container should be much wider so that this interaction 
is avoided. Furthermore, it was also noticed to the moisture content of the soilmass also influenced 
the amount of cohesion between  particles and this is also thought to have negative effect on the 
results of both the conventional and FBG soil sensor.  
6.2.1.3 Strain Energy Theory   
It is also recommended to investigate the use of strain energy theory to calculate the horizontal 
displacements of the soil strain sensing unit. Research shows that even though the elastic beam 
theory and moment-area theorems are accurate, there are some inherent disadvantages that occur 
due to the assumptions within the theories.  
By using the strain energy theory, more accurate results may be achieved without the need for 
calibration coefficients. An example of an inadequate assumption is that in elastic beam theory, it is 
assumed that there is no vertical displacement of the metal plate when it is deformed in the 
horizontal plane. However, in the real situation, there is significant displacement in the vertical 
direction and this should be accounted for. 
6.2.1.4 Time Management and Communication  
Finally, one of the most key and foremost challenge of the undergraduate dissertation is that of time 
management. Undertaking an undergraduate dissertation while completing other studies is quiet 
complicated and requires a great deal of time and resource allocation. 
In combination with time management, the last challenge faced was that of communication of ideas 
between the different engineering colleges. For example, the mechanical engineers who specialised 
in FBG monitoring of structure, were sceptical at using FBG sensors to monitor ground movements. 
However, overtime, communication became better which allowed the trading of ideas to flow more 
freely.  
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6.2.2 Further Research 
Due to the short duration of this dissertation, further studies must be undertaken before FBG 
sensors are fully integrated into ground monitoring systems. During the experimentation process, a 
number of points outside the objective criteria were identified that need to be investigated. These 
points could not be investigated in this dissertation due to time constraints. The points that were 
identified are listed below.  
1. The design of the soil strain sensor in this dissertation is only suitable for laboratory 
conditions due it simplistic nature. Before testing can occur in ‘real’ geotechnical 
environments, a sensor that can withstand this new environment must be designed. 
2. Finite Element Modelling (FEM) should also be used in the future to investigate the 
location and effectiveness of the FBG sensors. The soil strain sensor should also be 
modelled in a program such as Strand7 to assess the effectiveness of the interaction 
between the FBG sensor and the epoxy, and the interaction between the epoxy and the 
aluminium plate. 
3. More testing of FBG sensors in geotechnical applications that involves different loading 
situations should also be undertaken. Experimentation in this dissertation only subjected the 
soil strain sensors to a modelled retaining wall situation. 
4. It is also recommended that the use of multiplexed FBG sensors is investigated. 
Multiplexing is an important aspect of the feature of measuring strain at different points 
along a single optic fibre. This dissertation design only deals with FBG sensors comprising 
of a single strand optical fibre with a single FBG location. 
5. Much further in the future, it is recommend that investigation into using FBG sensors as 
borehole deflectometers, as suggested by Schmidt-Hattenberger (2003). For example, the 
borehole deflectometer could consist of fibre composite hybrid, where the fibre composite 
acts as the protective casing for the FBG sensor. Additionally, FBG sensors would be 
excellent in surface monitoring of geotechnical environments such as linear crack and fault 
monitoring. 
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6.2.3 Summarising 
In conclusion, the aim and objectives that were established for this dissertation were successfully 
achieved and reliable results were attained. The final results show that Fibre Bragg Grating (FBG) 
sensors are very capable at monitoring soilmass movement under laboratory conditions. The 
durability results show that the FBG sensors are immune to electromagnetic radiation (EMR) and 
resistance to corrosion. The FBG sensors continued working in the hostile conditions where the 
conventional electrical strain gauges either corroded or were significantly interfered with EMR. 
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% The Use of Fibre Bragg Grating (FBG) Sensors in Geotechnical Applications 
% Author - Mr Andrew J Seccombe 
% Contact - andysecc@hotmail.com 
  
% Date Created - 20/08/2010 
% Company - University of Southern Queensland (USQ) 
% Degree - Bachelor of Engineering (Civil) 
% Course - Research Project Part 1 & 2 
  
% Description of Script 
% This MATLAB m.file is designed to take the text files outputted from the 
% P3 Vishay Strain Sensor and calculate the horizontal displacement using 
% Elastic Beam Theory and Area-Moment Theorems. This is explained in the 
% associated dissertation. The program outputs a .txt file and two graphs 
% representing the behaviour of the soil. 
  





% Enter the given measured variable data from external file with a  
% uigetfile and load function, allocating one column of data per parameter 
[FileName,PathName] = uigetfile('*.txt'); 
data = load(FileName); 
  
% Convert microstrain into strain for each sensor 
Sen1 = data(:,2)/1000000; 
Sen2 = data(:,3)/1000000; 
Sen3 = data(:,4)/1000000; 
Sen4 = data(:,5)/1000000; 
  
% X and Y locations for the size of soil testing container 
x = [0 0 -0.140 -0.140 -0.150 -0.150 0 0.350 0.350 0.340 0.340 0]; 
y = [0.03 0.01 0.01 0.300 0.300 0 0 0 0.300 0.300 0.01 0.01]; 
  
% Find the length of the input array 
n = length(Sen1); 
  
% Organise the time array (secs). The P3 Vishay Strain Recorder was  
% programmed to take one secong time intervals   
time = transpose([0:1:n-1]); 
  
% Plot the strains for each sensor against time 
figure(1) 
plot(time, Sen1,'r-', time, Sen2,'g-', time, Sen3,'b-', time, Sen4,'y-
','LineWidth',2) 
title('Strain (ue) vs. Time (sec)','fontsize',14,'fontweight','b'); 
xlabel('Time (seconds)'); 
ylabel('Strain (ue)'); 
legend('Sensor 1', 'Sensor 2','Sensor 3', 'Sensor 4',2) 
grid on 
  
% Allocate the known data to convert recored strains into horizontal  
% displacements 
h = 0.0005; % Thinkness of the aluminium plate (m) 
d = 0.030; % Width of the aluminium plate (m) 
z0 = 0.03; % Fixed point at base (m) 
z1 = 0.1; % Sensor position 1&3 (m) 
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z2 = 0.23; % Sensor Position 2&4 (m) 
z3 = 0.30; % Free point at top of sensor (m) 
pos =[z0,z1,z2,z3]; % Sensor Position in Matrice form (m) 
E = 70e9; % Youngs Modulus of the Material (m) 
I = (d*(h^3))/12; % Moment of Inertia (m) 
u0 = 0; % Displacement at fixed point. 
  
CC1 = 0.91; %Calibration coefficient for location z1  
CC2 = 0.87; %Calibration coefficient for location z2 
CC3 = 0.90; %Calibration coefficient for location z3 
  
% Calculate the curvature at each strain point using the principles  
% explained in Chapter 2 - Literature Review of this dissertation 
Curv1 = (Sen3-Sen1)/(h); % (m^-1)  
Curv2 = (Sen4-Sen2)/(h); % (m^-1)  
  
% Calculate the Bending Moment at each point along the sensor  
M1 = Curv1*E*I; % Moment at sensor arrangement 1 (N.m) 
M2 = Curv2*E*I; % Moment at sensor arrangement 2 (N.m) 
Z = [z1,z2]; % Height Array (m) 
M = [M1,M2]; % Moment Array (N.m) 
  
% The moment will be distributed along the length of the sensor. Therefore 
% calculate moments at the fixed and free ends of the sensor. Find the 
% slope of the gradient between M1 and M2 and use to find M0 and M3. 
  
% Zero the arrays for loop below 
m = zeros(n,1); 
M0 = zeros(n,1); 
M3 = zeros(n,1); 
A1 = zeros(n,1); 
A2 = zeros(n,1); 
A3 = zeros(n,1); 
A4 = zeros(n,1); 
A5 = zeros(n,1); 
A6 = zeros(n,1); 
u1 = zeros(n,1); 
u2 = zeros(n,1); 
u3 = zeros(n,1); 
q = zeros(n,4); 
  
% The loop below is used to calculate the parameters of the Moment-Area 
% Theorems explained in Chapter 3 - Research Design and Methodology 
for i = [1:1:n] 
 
    m(i,1) = ((z2-z1)/(M2(i) - M1(i))); % gradient between M1 and M2 
 
    M0(i,1) = (-(z1-z0)/m(i)) + M1(i); % moment at fixed end, M0  
    M3(i,1) = (z3-z2)/m(i) + M2(i); % moment at free end, M3 
 
    A1(i,1) = ((M1(i)/(E*I))*z1); % Area 1 
    A2(i,1) = ((1/2)*((M0(i)/(E*I))-(M1(i)/(E*I)))*z1); % Area 2 
    A3(i,1) = ((M2(i)/(E*I))*(z2-z1)); % Area 3 
    A4(i,1) = ((1/2)*((M1(i)/(E*I))-(M2(i)/(E*I)))*(z2-z1)); % Area 4 
    A5(i,1) = ((M3(i)/(E*I))*(z3-z2)); % Area 5  
    A6(i,1) = ((1/2)*((M2(i)/(E*I))-(M3(i)/(E*I)))*(z3-z2)); % Area 6 
     
    u1(i,1) = CC1*((A1(i)*(z1/2)) + (A2(i)*((2/3)*z1))); % Displacement at point 
1 (m) 
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    u2(i,1) = CC2*((A3(i)*((z2-z1)/2)) + (A4(i)*((2/3)*(z2-z1))) + 
(A1(i)*((z1/2)+(z2-z1))) + (A2(i)*((((2/3)*z1)+(z2-z1))))); % Displacement at 
point 2 (m) 
    u3(i,1) = CC3*((A5(i)*((z3-z2)/2)) + (A6(i)*((2/3)*(z3-z2))) + (A3(i)*(((z2-
z1)/2)+(z3-z2))) + (A4(i)*((((2/3)*(z2-z1))+(z3-z2)))) + (A1(i)*((z1/2)+(z3-
z1))) + (A2(i)*((((2/3)*z1)+(z3-z1))))); % Displacement at point 3 (m) 
     
    q(i,:) = [u0, u1(i), u2(i), u3(i)]; % Displacement Array (m) 
end 
  
% Plot the soil displacements 
figure(2) 
plot((q.*-1),pos,'bo-',x,y,'r','LineWidth',2); 
title('Horizontal Displacement of Conventional Soil Sensor Unit - Calibration 
1','fontsize',14,'fontweight','b'); 
xlabel('Horizontal Displacement (m)'); 
ylabel('Sensor Unit Height (m)'); 
legend('Deflection on the Soil Strain Sensor',1); 
grid on 
  
% File Output 
fid = fopen('Displacement_Results.txt', 'w'); % Open the file to be written 
for i = [1:1:n] 
    fprintf(fid, '%6.4f\t %6.4f\t %6.4f\t %6.4f\t %6.4f\n', time(i), 
q(i,1),q(i,2),q(i,3),q(i,4)); 
end 
fclose(fid); % Close the file 
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C.8 Durability Testing – Electromagnetic Interference Testing
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D.3 Calibration 3 Graphical Results
Figure D.5 - Horizontal displacement 
Figure D.6 - Strain readings for each FBG sensor during Calibration 3
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Figure D.12 - Strain readings for each FBG sensor during RWTNRS
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F.1 Calibration 1 – Input File 
% Vishay Model P3 Strain Indicator and Recorder 
% Serial No: 0187763 
% File Created: 09/06/10 10:49:55 
%   Ch 1  Ch 2  Ch 3  Ch 4 
%   ue    ue    ue    ue   
%   ----  ----  ----  ---- 
% 
10:50:05  +00000 +00000 +00000 +00000 
10:50:06  -00081  -00038  +00093 +00044 
10:50:07  -00120  -00049  +00136 +00056 
10:50:08  -00132  -00051  +00123 +00038 
10:50:09  -00086  -00036  +00103 +00045 
10:50:10  -00108  -00045  +00122 +00051 
10:50:11  -00116  -00045  +00137 +00054 
10:50:12  -00137  -00052  +00157 +00050 
10:50:13  -00145  -00050  +00167 +00068 
10:50:14  -00170  -00064  +00190 +00073 
10:50:15  -00180  -00067  +00207 +00080 
10:50:16  -00206  -00075  +00232 +00088 
10:50:17  -00221  -00082  +00246 +00094 
10:50:18  -00238  -00087  +00264 +00102 
10:50:19  -00242  -00091  +00267 +00103 
10:50:20  -00243  -00087  +00269 +00100 
10:50:21  -00256  -00094  +00281 +00106 
10:50:22  -00272  -00101  +00299 +00116 
10:50:23  -00278  -00100  +00306 +00115 
10:50:24  -00305  -00108  +00333 +00123 
10:50:25  -00313  -00114  +00342 +00128 
10:50:26  -00333  -00122  +00362 +00138 
10:50:27  -00340  -00124  +00369 +00141 
10:50:28  -00347  -00127  +00377 +00145 
10:50:29  -00349  -00125  +00379 +00142 
10:50:30  -00350  -00128  +00380 +00145 
10:50:31  -00348  -00125  +00377 +00142 
10:50:32  -00348  -00125  +00377 +00142 
10:50:33  -00348  -00124  +00377 +00143 
10:50:34  -00339  -00119  +00367 +00133 
10:50:35  -00319  -00110  +00350 +00128 
10:50:36  -00317  -00111  +00348 +00129 
10:50:37  -00315  -00110  +00346 +00127 
10:50:38  -00304  -00104  +00333 +00120 
10:50:39  -00281  -00118  +00316 +00137 
10:50:40  -00283  -00094  +00310 +00114 
10:50:41  -00252  -00085  +00281 +00103 
10:50:42  -00227  -00075  +00255 +00093 
10:50:43  -00189  -00063  +00217 +00081 
10:50:44  -00159  -00050  +00179 +00066 
10:50:45  -00111  -00032  +00130 +00049 
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F.2 Calibration 2 – Input File 
% Vishay Model P3 Strain Indicator and Recorder 
% Serial No: 0187763 
% File Created: 09/06/10 11:11:20 
%   Ch 1  Ch 2  Ch 3  Ch 4 
%   ue    ue    ue    ue   
%   ----  ----  ----  ---- 
% 
11:11:28  -00012  -00026  +00013 +00029 
11:11:29  -00031  -00033  +00033 +00036 
11:11:30  -00040  -00036  +00047 +00039 
11:11:31  -00063  -00044  +00073 +00050 
11:11:32  -00099  -00061  +00113 +00066 
11:11:33  -00122  -00071  +00142 +00077 
11:11:34  -00149  -00080  +00170 +00084 
11:11:35  -00181  -00085  +00201 +00092 
11:11:36  -00207  -00093  +00231 +00099 
11:11:37  -00229  -00098  +00252 +00109 
11:11:38  -00247  -00100  +00269 +00109 
11:11:39  -00260  -00115  +00286 +00118 
11:11:40  -00279  -00118  +00304 +00127 
11:11:41  -00295  -00120  +00321 +00132 
11:11:42  -00308  -00125  +00335 +00136 
11:11:43  -00330  -00132  +00357 +00142 
11:11:44  -00348  -00139  +00380 +00153 
11:11:45  -00372  -00146  +00397 +00158 
11:11:46  -00390  -00159  +00415 +00169 
11:11:47  -00399  -00163  +00428 +00173 
11:11:48  -00432  -00174  +00460 +00188 
11:11:49  -00453  -00179  +00479 +00193 
11:11:50  -00465  -00185  +00487 +00194 
11:11:51  -00468  -00184  +00492 +00197 
11:11:52  -00476  -00192  +00499 +00206 
11:11:53  -00478  -00186  +00504 +00200 
11:11:54  -00492  -00195  +00516 +00208 
11:11:55  -00497  -00194  +00521 +00208 
11:11:56  -00505  -00205  +00530 +00224 
11:11:57  -00521  -00212  +00546 +00226 
11:11:58  -00529  -00214  +00552 +00227 
11:11:59  -00529  -00219  +00553 +00232 
11:12:00  -00527  -00217  +00552 +00231 
11:12:01  -00525  -00218  +00551 +00232 
11:12:02  -00524  -00218  +00550 +00233 
11:12:03  -00524  -00217  +00551 +00233 
11:12:04  -00524  -00217  +00552 +00233 
11:12:05  -00524  -00218  +00552 +00234 
11:12:06  -00523  -00221  +00551 +00237 
11:12:07  -00522  -00223  +00550 +00239 
11:12:08  -00521  -00224  +00550 +00240 
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11:12:09  -00521  -00225  +00549 +00241 
11:12:10  -00520  -00225  +00549 +00242 
11:12:11  -00504  -00194  +00531 +00207 
11:12:12  -00479  -00189  +00511 +00209 
11:12:13  -00462  -00189  +00493 +00206 
11:12:14  -00435  -00185  +00468 +00203 
11:12:15  -00402  -00154  +00431 +00169 
11:12:16  -00354  -00130  +00374 +00144 
11:12:17  -00275  -00103  +00310 +00121 
11:12:18  -00207  -00073  +00238 +00093 
11:12:19  -00156  -00055  +00184 +00074 
11:12:20  -00109  -00038  +00134 +00053 
11:12:21  -00068  -00019  +00085 +00035 
11:12:22  -00007  +00006 +00019 +00011 
  
The Use of Fibre Bragg Grating (FBG) Sensors in Geotechnical Applications 
 
Chapter 7 – Appendices  127 
F.3 Calibration 3 – Input File 
% Vishay Model P3 Strain Indicator and Recorder 
% Serial No: 0187763 
% File Created: 09/06/10 11:42:14 
%   Ch 1  Ch 2  Ch 3  Ch 4 
%   ue    ue    ue    ue   
%   ----  ----  ----  ---- 
% 
11:42:18  -00006  -00004  +00009 +00004 
11:42:19  -00012  -00007  +00016 +00006 
11:42:20  -00012  -00006  +00015 +00008 
11:42:21  -00019  -00008  +00024 +00009 
11:42:22  -00021  -00010  +00027 +00011 
11:42:23  -00027  -00013  +00036 +00014 
11:42:24  -00031  -00014  +00040 +00017 
11:42:25  -00036  -00016  +00043 +00017 
11:42:26  -00042  -00017  +00054 +00020 
11:42:27  -00051  -00021  +00064 +00022 
11:42:28  -00056  -00022  +00067 +00024 
11:42:29  -00064  -00028  +00079 +00031 
11:42:30  -00070  -00030  +00082 +00034 
11:42:31  -00077  -00030  +00089 +00033 
11:42:32  -00081  -00033  +00095 +00038 
11:42:33  -00088  -00035  +00104 +00038 
11:42:34  -00091  -00035  +00105 +00039 
11:42:35  -00099  -00038  +00114 +00041 
11:42:36  -00105  -00041  +00121 +00044 
11:42:37  -00110  -00044  +00126 +00047 
11:42:38  -00114  -00044  +00130 +00047 
11:42:39  -00116  -00045  +00133 +00047 
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F.4 Retaining Wall Test – Rotation around the Base in Sand – Input File 
% Vishay Model P3 Strain Indicator and Recorder 
% Serial No: 0187763 
% File Created: 09/06/10 14:49:59 
%   Ch 1  Ch 2  Ch 3  Ch 4 
%   ue    ue    ue    ue   
%   ----  ----  ----  ---- 
% 
14:50:09  +00000 +00000 +00000 +00000 
14:50:10  -00028  +00007 +00024 -00010 
14:50:11  -00052  +00023 +00052 -00026 
14:50:12  -00054  +00025 +00053 -00027 
14:50:13  -00063  +00031 +00069 -00038 
14:50:14  -00095  +00046 +00100 -00049 
14:50:15  -00099  +00047 +00106 -00051 
14:50:16  -00104  +00050 +00111 -00053 
14:50:17  -00115  +00057 +00123 -00061 
14:50:18  -00118  +00061 +00128 -00066 
14:50:19  -00127  +00071 +00139 -00076 
14:50:20  -00132  +00075 +00143 -00080 
14:50:21  -00141  +00081 +00165 -00089 
14:50:22  -00179  +00088 +00196 -00093 
14:50:23  -00180  +00089 +00197 -00094 
14:50:24  -00188  +00079 +00208 -00084 
14:50:25  -00213  +00073 +00233 -00079 
14:50:26  -00224  +00076 +00244 -00081 
14:50:27  -00247  +00075 +00268 -00080 
14:50:28  -00251  +00075 +00276 -00082 
14:50:29  -00303  +00088 +00328 -00096 
14:50:30  -00343  +00096 +00374 -00103 
14:50:31  -00354  +00098 +00382 -00105 
14:50:32  -00384  +00095 +00411 -00103 
14:50:33  -00401  +00100 +00431 -00106 
14:50:34  -00416  +00100 +00448 -00109 
14:50:35  -00440  +00101 +00467 -00108 
14:50:36  -00451  +00105 +00479 -00113 
14:50:37  -00465  +00103 +00492 -00111 
14:50:38  -00468  +00104 +00493 -00113 
14:50:39  -00476  +00103 +00502 -00112 
14:50:40  -00483  +00107 +00512 -00117 
14:50:41  -00494  +00112 +00520 -00122 
14:50:42  -00506  +00115 +00535 -00128 
14:50:43  -00518  +00119 +00545 -00129 
14:50:44  -00527  +00120 +00551 -00130 
14:50:45  -00535  +00120 +00560 -00132 
14:50:46  -00539  +00124 +00564 -00135 
14:50:47  -00541  +00124 +00566 -00137 
14:50:48  -00549  +00129 +00571 -00141 
14:50:49  -00550  +00130 +00574 -00142 
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14:50:50  -00550  +00130 +00574 -00143 
14:50:51  -00553  +00128 +00577 -00141 
14:50:52  -00557  +00131 +00581 -00144 
14:50:53  -00563  +00128 +00583 -00140 
14:50:54  -00553  +00126 +00577 -00139 
14:50:55  -00548  +00125 +00572 -00139 
14:50:56  -00548  +00125 +00572 -00139 
14:50:57  -00548  +00125 +00572 -00139 
14:50:58  -00548  +00125 +00572 -00139 
14:50:59  -00548  +00124 +00572 -00139 
14:51:00  -00548  +00124 +00572 -00139 
14:51:01  -00548  +00124 +00572 -00139 
14:51:02  -00548  +00124 +00572 -00139 
14:51:03  -00548  +00124 +00572 -00139 
14:51:04  -00548  +00124 +00572 -00139 
14:51:05  -00548  +00124 +00572 -00139 
14:51:06  -00548  +00124 +00572 -00139 
14:51:07  -00548  +00124 +00572 -00138 
14:51:08  -00543  +00128 +00570 -00138 
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F.5 Retaining Wall Test – Rotation around the Top in Sand – Input File 
% Vishay Model P3 Strain Indicator and Recorder 
% Serial No: 0187763 
% File Created: 09/06/10 15:20:49 
%   Ch 1  Ch 2  Ch 3  Ch 4 
%   ue    ue    ue    ue   
%   ----  ----  ----  ---- 
% 
15:20:57  +00086 +00025 -00092  -00022 
15:20:58  +00132 +00009 -00139  -00008 
15:20:59  +00151 +00010 -00152  -00009 
15:21:00  +00146 +00011 -00146  -00008 
15:21:01  +00152 +00010 -00156  -00008 
15:21:02  +00159 +00016 -00164  -00015 
15:21:03  +00159 +00016 -00163  -00014 
15:21:04  +00159 +00016 -00163  -00014 
15:21:05  +00159 +00016 -00163  -00014 
15:21:06  +00158 +00016 -00163  -00014 
15:21:07  +00158 +00016 -00163  -00014 
15:21:08  +00158 +00016 -00163  -00014 
15:21:09  +00158 +00016 -00163  -00014 
15:21:10  +00157 +00015 -00162  -00013 
15:21:11  +00157 +00015 -00162  -00013 
15:21:12  +00157 +00017 -00163  -00016 
15:21:13  +00138 +00037 -00139  -00037 
15:21:14  +00120 +00051 -00123  -00051 
15:21:15  +00111 +00050 -00114  -00049 
15:21:16  +00110 +00050 -00113  -00050 
15:21:17  +00099 +00059 -00101  -00060 
15:21:18  +00097 +00067 -00096  -00067 
15:21:19  +00084 +00070 -00082  -00072 
15:21:20  +00068 +00078 -00066  -00079 
15:21:21  +00066 +00076 -00065  -00078 
15:21:22  +00066 +00076 -00065  -00077 
15:21:23  +00066 +00075 -00064  -00077 
15:21:24  +00066 +00075 -00064  -00077 
15:21:25  +00066 +00075 -00065  -00076 
15:21:26  +00066 +00074 -00064  -00076 
15:21:27  +00066 +00074 -00064  -00076 
15:21:28  +00065 +00074 -00064  -00075 
15:21:29  +00064 +00073 -00063  -00074 
15:21:30  +00060 +00073 -00056  -00078 
15:21:31  +00042 +00081 -00040  -00084 
15:21:32  +00039 +00082 -00037  -00085 
15:21:33  +00038 +00082 -00036  -00084 
15:21:34  +00028 +00082 -00025  -00085 
15:21:35  +00020 +00083 -00016  -00079 
15:21:36  +00022 +00076 -00016  -00078 
15:21:37  +00020 +00076 -00015  -00079 
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15:21:38  +00004 +00085 +00005 -00087 
15:21:39  +00003 +00084 +00005 -00088 
15:21:40  +00002 +00090 +00005 -00088 
15:21:41  +00004 +00087 +00005 -00090 
15:21:42  +00005 +00085 +00003 -00087 
15:21:43  +00006 +00084 +00002 -00087 
15:21:44  +00008 +00088 +00000 -00091 
15:21:45  +00007 +00084 +00001 -00087 
15:21:46  +00007 +00083 +00001 -00086 
15:21:47  +00008 +00079 -00001  -00082 
15:21:48  +00010 +00081 -00002  -00083 
15:21:49  +00011 +00079 -00002  -00081 
15:21:50  +00012 +00071 -00004  -00075 
15:21:51  +00013 +00074 -00005  -00076 
15:21:52  +00014 +00074 -00005  -00077 
15:21:53  +00014 +00075 -00005  -00077 
15:21:54  +00015 +00074 -00006  -00076 
15:21:55  +00015 +00074 -00006  -00076 
15:21:56  +00015 +00074 -00006  -00076 
15:21:57  +00015 +00074 -00006  -00076 
15:21:58  +00015 +00074 -00006  -00076 
15:21:59  +00015 +00075 -00006  -00076 
15:22:00  +00015 +00075 -00006  -00076 
15:22:01  +00015 +00075 -00006  -00076 
15:22:02  +00015 +00074 -00006  -00076 
15:22:03  +00015 +00074 -00007  -00076 
15:22:04  +00015 +00074 -00007  -00075 
15:22:05  +00015 +00074 -00006  -00075 
15:22:06  +00015 +00074 -00006  -00075 
15:22:07  +00015 +00074 -00006  -00075 
15:22:08  +00015 +00074 -00006  -00075 
15:22:09  +00015 +00074 -00006  -00075 
15:22:10  +00015 +00074 -00006  -00075 
15:22:11  +00016 +00074 -00006  -00075 
15:22:12  +00023 +00075 -00006  -00075 
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F.6 Retaining Wall Test – No Rotation in Sand – Input File 
% Vishay Model P3 Strain Indicator and Recorder 
% Serial No: 0187763 
% File Created: 09/06/10 15:31:37 
%   Ch 1  Ch 2  Ch 3  Ch 4 
%   ue    ue    ue    ue   
%   ----  ----  ----  ---- 
% 
15:31:38  +00000 -00000  +00000 +00001 
15:31:39  +00000 -00000  +00000 +00001 
15:31:40  +00001 -00001  +00000 +00001 
15:31:41  +00001 -00003  -00001  +00004 
15:31:42  +00013 +00010 -00015  -00007 
15:31:43  +00015 -00024  -00016  +00022 
15:31:44  +00020 -00014  -00022  +00018 
15:31:45  +00043 -00027  -00046  +00040 
15:31:46  +00041 -00027  -00043  +00027 
15:31:47  +00021 -00017  -00021  +00016 
15:31:48  -00110  -00008  +00170 +00006 
15:31:49  -00185  -00003  +00206 +00004 
15:31:50  -00224  -00000  +00248 +00002 
15:31:51  -00232  +00008 +00282 -00002 
15:31:52  -00285  +00002 +00312 -00000 
15:31:53  -00279  +00001 +00307 -00000 
15:31:54  -00277  +00001 +00305 +00000 
15:31:55  -00276  +00001 +00305 -00000 
15:31:56  -00274  +00001 +00302 -00001 
15:31:57  -00270  +00002 +00299 -00000 
15:31:58  -00268  +00001 +00297 +00000 
15:31:59  -00264  +00003 +00293 +00002 
15:32:00  -00257  -00002  +00288 +00004 
15:32:01  -00259  -00002  +00288 +00006 
15:32:02  -00260  -00003  +00290 +00005 
15:32:03  -00261  -00007  +00290 +00009 
15:32:04  -00261  -00006  +00290 +00009 
15:32:05  -00261  -00006  +00291 +00009 
15:32:06  -00261  -00006  +00291 +00008 
15:32:07  -00261  -00006  +00291 +00009 
15:32:08  -00261  -00006  +00291 +00009 
15:32:09  -00261  -00006  +00291 +00009 
  
The Use of Fibre Bragg Grating (FBG) Sensors in Geotechnical Applications 
 
Chapter 7 – Appendices  133 
F.7 Retaining Wall Test – Rotation around Base in Gravel – Input File 
% Vishay Model P3 Strain Indicator and Recorder 
% Serial No: 0187763 
% File Created: 09/06/10 15:40:03 
%   Ch 1  Ch 2  Ch 3  Ch 4 
%   ue    ue    ue    ue   
%   ----  ----  ----  ---- 
% 
15:40:08  -00017  +00018 +00025 -00032 
15:40:09  -00040  +00033 +00043 -00036 
15:40:10  -00086  +00053 +00097 -00058 
15:40:11  -00134  +00063 +00158 -00068 
15:40:12  -00161  +00060 +00181 -00065 
15:40:13  -00179  +00062 +00207 -00064 
15:40:14  -00187  +00059 +00215 -00062 
15:40:15  -00188  +00059 +00216 -00062 
15:40:16  -00188  +00059 +00218 -00063 
15:40:17  -00222  +00058 +00262 -00061 
15:40:18  -00248  +00061 +00291 -00062 
15:40:19  -00268  +00060 +00308 -00063 
15:40:20  -00289  +00064 +00330 -00066 
15:40:21  -00305  +00069 +00353 -00072 
15:40:22  -00309  +00068 +00354 -00071 
15:40:23  -00315  +00071 +00362 -00075 
15:40:24  -00326  +00070 +00372 -00072 
15:40:25  -00326  +00071 +00373 -00074 
15:40:26  -00339  +00076 +00386 -00078 
15:40:27  -00340  +00076 +00387 -00078 
15:40:28  -00340  +00076 +00387 -00077 
15:40:29  -00339  +00076 +00387 -00077 
15:40:30  -00339  +00076 +00387 -00077 
15:40:31  -00339  +00076 +00387 -00077 
15:40:32  -00347  +00077 +00398 -00080 
15:40:33  -00347  +00075 +00398 -00075 
15:40:34  -00359  +00076 +00418 -00076 
15:40:35  -00389  +00079 +00443 -00079 
15:40:36  -00389  +00080 +00441 -00080 
15:40:37  -00389  +00080 +00441 -00079 
15:40:38  -00388  +00080 +00441 -00079 
15:40:39  -00388  +00081 +00441 -00079 
15:40:40  -00388  +00081 +00441 -00079 
15:40:41  -00388  +00081 +00441 -00078 
15:40:42  -00387  +00081 +00441 -00078 
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F.8 Durability Testing – High Moisture Content Testing – Input Files 
% Vishay Model P3 Strain Indicator and Recorder 
% Serial No: 0187763 
% File Created: 10/07/10 15:48:07 
%   Ch 1  Ch 2  Ch 3  Ch 4 
%   ue    ue    ue    ue   
%   ----  ----  ----  ---- 
% 
15:48:08  +00000 +00015 +00000 -00012  
15:48:09  +00000 +00035 +00000 -00032  
15:48:10  +00000 +00062 +00000 -00059  
15:48:11  +00000 +00063 +00000 -00060  
15:48:12  +00000 +00058 +00000 -00055  
15:48:13  +00000 +00059 +00000 -00056  
15:48:14  +00000 +00065 +00000 -00062  
15:48:15  +00000 +00068 +00000 -00065  
15:48:16  +00000 +00070 +00000 -00067  
15:48:17  +00000 +00063 +00000 -00060  
15:48:18  +00000 +00061 +00000 -00058  
15:48:19  +00000 +00064 +00000 -00061  
15:48:20  +00000 +00068 +00000 -00065  
15:48:21  +00000 +00072 +00000 -00069  
15:48:22  +00000 +00078 +00000 -00075  
15:48:23  +00000 +00079 +00000 -00076  
15:48:24  +00000 +00082 +00000 -00079  
15:48:25  +00000 +00079 +00000 -00076  
15:48:26  +00000 +00083 +00000 -00080  
15:48:27  +00000 +00085 +00000 -00082  
15:48:28  +00000 +00091 +00000 -00088  
15:48:29  +00000 +00093 +00000 -00090  
15:48:30  +00000 +00099 +00000 -00096  
15:48:31  +00000 +00101 +00000 -00098  
15:48:32  +00000 +00105 +00000 -00102  
15:48:33  +00000 +00108 +00000 -00105  
15:48:34  +00000 +00115 +00000 -00112  
15:48:35  +00000 +00121 +00000 -00118  
15:48:36  +00000 +00125 +00000 -00122  
15:48:37  +00000 +00134 +00000 -00131  
15:48:38  +00000 +00146 +00000 -00143  
15:48:39  +00000 +00146 +00000 -00143  
15:48:40  +00000 +00146 +00000 -00143  
15:48:41  +00000 +00147 +00000 -00144  
15:48:42  +00000 +00147 +00000 -00144  
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F.9 Durability Testing – Electromagnetic Interference Testing – Input Files 
% Vishay Model P3 Strain Indicator and Recorder      
% Serial No: 0187763      
% File Created: 20/07/10 10:50:15      
%   Ch 1  Ch 2  Ch 3  Ch 4 
%   ue    ue    ue    ue   
%   ----  ----  ----  ---- 
%      
10:50:06  -00081  +01423 +00093 -01413  
10:50:07  -00120  +01398 +00136 -01388  
10:50:08  -00132  +01374 +00123 -01364  
10:50:09  -00086  +01255 +00103 -01245  
10:50:10  -00108  +01217 +00122 -01207  
10:50:11  -00116  +01187 +00137 -01177  
10:50:12  -00137  +01121 +00157 -01111  
10:50:13  -00145  +01073 +00167 -01063  
10:50:14  -00170  +01027 +00190 -01017  
10:50:15  -00180  +01005 +00207 -00995  
10:50:16  -00206  +01004 +00232 -00994  
10:50:17  -00221  +00999 +00246 -00989  
10:50:18  -00238  +00998 +00264 -00988  
10:50:19  -00242  +00995 +00267 -00985  
10:50:20  -00243  +00992 +00269 -00982  
10:50:21  -00256  +00991 +00281 -00981  
10:50:22  -00272  +00990 +00299 -00980  
10:50:23  -00278  +00991 +00306 -00981  
10:50:24  -00305  +00983 +00333 -00973  
10:50:25  -00313  +00980 +00342 -00970  
10:50:26  -00333  +00862 +00362 -00852  
10:50:27  -00340  +00742 +00369 -00732  
10:50:28  -00347  +00652 +00377 -00642  
10:50:29  -00349  +00312 +00379 -00302  
10:50:30  -00350  +00296 +00380 -00286  
10:50:31  -00348  +00209 +00377 -00199  
10:50:32  -00348  +00145 +00377 -00135  
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G.1 Calibration 1 – Output File 
% Conventional Soil Strain Sensor_Calibration1 – Output Results 
% Matlab Script – ConventionalSoilDisplacement.m 
% File Created: 20/10/10 by Andrew Seccombe 
% Conventional Soil Strain Sensor 
   
%Time (sec) u0 (m)  u1 (m)  u2 (m)  u3 (m)   
0.0000   0.0000   0.0000   0.0000   0.0000 
1.0000   0.0000  0.0019   0.0084   0.0136 
2.0000   0.0000  0.0028  0.0124   0.0199 
3.0000   0.0000  0.0029   0.0125   0.0197 
4.0000   0.0000   0.0021   0.0092   0.0147 
5.0000  0.0000   0.0025   0.0112   0.0179 
6.0000  0.0000   0.0028   0.0123   0.0196 
7.0000   0.0000   0.0033   0.0144   0.0228 
8.0000   0.0000   0.0035   0.0152   0.0242 
9.0000   0.0000   0.0040   0.0175   0.0279 
10.0000   0.0000   0.0043   0.0188   0.0300 
11.0000   0.0000   0.0049   0.0213   0.0340 
12.0000   0.0000   0.0052   0.0227   0.0362 
13.0000   0.0000   0.0056   0.0245   0.0389 
14.0000   0.0000   0.0057   0.0248   0.0395 
15.0000   0.0000   0.0057   0.0250   0.0397 
16.0000  0.0000   0.0060   0.0262   0.0416 
17.0000   0.0000   0.0064   0.0278   0.0443 
18.0000   0.0000   0.0065   0.0285   0.0453 
19.0000   0.0000   0.0071   0.0311   0.0494 
20.0000   0.0000   0.0073   0.0319   0.0508 
21.0000   0.0000   0.0077   0.0339   0.0539 
22.0000   0.0000   0.0079   0.0345   0.0550 
23.0000   0.0000   0.0081   0.0353   0.0561 
24.0000   0.0000   0.0081   0.0355   0.0564 
25.0000  0.0000   0.0081   0.0356  0.0566 
26.0000   0.0000   0.0081  0.0353  0.0562 
27.0000   0.0000   0.0081   0.0353   0.0562 
28.0000   0.0000   0.0081   0.0353   0.0562 
29.0000   0.0000   0.0079   0.0344   0.0547 
30.0000   0.0000   0.0075   0.0326   0.0518 
31.0000   0.0000   0.0074   0.0324   0.0515 
32.0000   0.0000   0.0074   0.0322   0.0512 
33.0000   0.0000   0.0071   0.0311   0.0493 
34.0000   0.0000   0.0065  0.0290   0.0465 
35.0000   0.0000   0.0067   0.0290   0.0459 
36.0000   0.0000   0.0060   0.0260   0.0413 
37.0000   0.0000   0.0054   0.0235   0.0373 
38.0000   0.0000   0.0046   0.0198   0.0314 
39.0000   0.0000   0.0038   0.0165   0.0261 
40.0000   0.0000   0.0027  0.0118   0.0186 
41.0000   0.0000   0.0019   0.0084   0.0132  
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G.2 Calibration 2 – Output File 
% Conventional Soil Strain Sensor_Calibration2 – Output Results 
% Matlab Script – ConventionalSoilDisplacement.m 
% File Created: 20/10/10 by Andrew Seccombe 
% Conventional Soil Strain Sensor 
 
%Time (sec) u0 (m)  u1 (m)  u2 (m)  u3 (m)  
0.0000   0.0000  0.0001  0.0010  0.0022 
1.0000  0.0000  0.0006  0.0029   0.0052 
2.0000   0.0000   0.0008  0.0041   0.0070 
3.0000   0.0000   0.0014  0.0064   0.0108 
4.0000   0.0000   0.0022   0.0101   0.0167 
5.0000  0.0000   0.0028   0.0127   0.0207 
6.0000  0.0000   0.0034   0.0153   0.0250 
7.0000   0.0000   0.0041   0.0185   0.0298 
8.0000   0.0000   0.0048   0.0212   0.0341 
9.0000   0.0000   0.0053   0.0233   0.0374 
10.0000   0.0000   0.0057   0.0251   0.0401 
11.0000   0.0000   0.0060   0.0265   0.0425 
12.0000   0.0000   0.0064   0.0283   0.0454 
13.0000   0.0000   0.0068   0.0299   0.0479 
14.0000   0.0000   0.0071   0.0312   0.0500 
15.0000   0.0000   0.0076   0.0334   0.0534 
16.0000   0.0000   0.0080   0.0354   0.0566 
17.0000   0.0000   0.0085   0.0374   0.0597 
18.0000   0.0000   0.0089   0.0391   0.0626 
19.0000   0.0000   0.0091   0.0402   0.0643 
20.0000   0.0000   0.0098   0.0433   0.0693 
21.0000   0.0000   0.0103   0.0453   0.0724 
22.0000   0.0000   0.0105   0.0463   0.0739 
23.0000   0.0000   0.0106   0.0467   0.0746 
24.0000   0.0000   0.0108   0.0474   0.0758 
25.0000   0.0000   0.0109   0.0478   0.0762 
26.0000   0.0000   0.0111   0.0490   0.0783 
27.0000   0.0000   0.0113   0.0495   0.0790 
28.0000   0.0000   0.0114   0.0502   0.0805 
29.0000   0.0000   0.0118   0.0518   0.0829 
30.0000   0.0000   0.0119   0.0525   0.0840 
31.0000   0.0000   0.0119   0.0525   0.0841 
32.0000   0.0000   0.0119   0.0524   0.0839 
33.0000   0.0000   0.0118   0.0522   0.0837 
34.0000   0.0000   0.0118   0.0521   0.0835 
35.0000   0.0000   0.0118   0.0522   0.0836 
36.0000   0.0000   0.0118   0.0522   0.0837 
37.0000   0.0000   0.0118   0.0522   0.0837 
38.0000   0.0000   0.0118   0.0521   0.0836 
39.0000   0.0000   0.0117   0.0520   0.0835 
40.0000   0.0000   0.0117   0.0519   0.0834 
41.0000   0.0000   0.0117   0.0518   0.0833 
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42.0000   0.0000   0.0117   0.0518   0.0833 
43.0000   0.0000   0.0115  0.0504   0.0803 
44.0000   0.0000   0.0109   0.0481   0.0769 
45.0000   0.0000   0.0105   0.0464   0.0743 
46.0000   0.0000   0.0099   0.0438   0.0703 
47.0000   0.0000   0.0092   0.0405   0.0646 
48.0000   0.0000   0.0081   0.0355   0.0565 
49.0000   0.0000   0.0065   0.0285   0.0454 
50.0000   0.0000   0.0050   0.0217   0.0345 
51.0000   0.0000   0.0038   0.0166   0.0264 
52.0000   0.0000   0.0027   0.0118   0.0188 
53.0000   0.0000   0.0017   0.0075   0.0118 
54.0000   0.0000   0.0003   0.0013   0.0020 
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G.3 Calibration 3 – Output File 
% Conventional Soil Strain Sensor_Calibration3 – Output Results 
% Matlab Script – ConventionalSoilDisplacement.m 
% File Created: 20/10/10 by Andrew Seccombe 
% Conventional Soil Strain Sensor 
 
%Time (sec) u0 (m)  u1 (m)  u2 (m)  u3 (m)  
0.0000   0.0000  0.0002  0.0007  0.0012 
1.0000   0.0000  0.0003  0.0014  0.0022 
2.0000   0.0000  0.0003  0.0013  0.0021 
3.0000   0.0000  0.0005  0.0021  0.0033 
4.0000   0.0000  0.0005  0.0023  0.0037 
5.0000   0.0000  0.0007  0.0031  0.0049 
6.0000   0.0000  0.0008  0.0034  0.0055 
7.0000   0.0000  0.0009  0.0038  0.0061 
8.0000   0.0000  0.0011  0.0047  0.0074 
9.0000   0.0000  0.0013  0.0056  0.0089  
10.0000   0.0000  0.0014  0.0060  0.0095 
11.0000   0.0000  0.0016  0.0069  0.0111 
12.0000   0.0000  0.0017  0.0074  0.0118 
13.0000   0.0000  0.0018  0.0081  0.0129 
14.0000   0.0000  0.0019  0.0086  0.0137 
15.0000   0.0000  0.0021  0.0093  0.0149 
16.0000   0.0000  0.0022  0.0095  0.0152 
17.0000   0.0000  0.0024  0.0104  0.0165 
18.0000   0.0000  0.0025  0.0110  0.0175 
19.0000   0.0000  0.0026  0.0115  0.0183 
20.0000   0.0000  0.0027  0.0119  0.0189 
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G.4 Retaining Wall Test – Rotation around the Base in Sand – Output File  
% Conventional Soil Strain Sensor RWTRABS – Output Results 
% Matlab Script – ConventionalSoilDisplacement.m 
% File Created: 20/10/10 by Andrew Seccombe 
% Conventional Soil Strain Sensor 
 
%Time (sec) u0 (m)  u1 (m)  u2 (m)  u3 (m)   
0.0000  0.0000   0.0000  0.0000  0.0000 
1.0000   0.0000  0.0007  0.0027  0.0038 
2.0000   0.0000  0.0014  0.0054  0.0076 
3.0000   0.0000  0.0015  0.0056  0.0078 
4.0000   0.0000  0.0019  0.0069  0.0096 
5.0000   0.0000  0.0027  0.0102  0.0142 
6.0000   0.0000  0.0029  0.0107  0.0149 
7.0000   0.0000  0.0030  0.0113  0.0157 
8.0000   0.0000  0.0033  0.0125  0.0173 
9.0000   0.0000  0.0035  0.0129  0.0179 
10.0000   0.0000  0.0038  0.0140  0.0193 
11.0000   0.0000  0.0039  0.0145  0.0199 
12.0000   0.0000  0.0043  0.0161  0.0221 
13.0000   0.0000  0.0052  0.0197  0.0273 
14.0000   0.0000  0.0053  0.0198  0.0274 
15.0000   0.0000  0.0054  0.0206  0.0290 
16.0000   0.0000  0.0060  0.0231  0.0328 
17.0000   0.0000  0.0063  0.0242  0.0344 
18.0000   0.0000  0.0069  0.0266  0.0380 
19.0000   0.0000  0.0070  0.0272  0.0389 
20.0000   0.0000  0.0084  0.0326  0.0466 
21.0000   0.0000  0.0095  0.0369  0.0530 
22.0000   0.0000  0.0098  0.0379  0.0544 
23.0000   0.0000  0.0105  0.0409  0.0589 
24.0000   0.0000  0.0110  0.0428  0.0616 
25.0000   0.0000  0.0114  0.0444  0.0640 
26.0000   0.0000  0.0119  0.0466  0.0673 
27.0000   0.0000  0.0122  0.0478  0.0690 
28.0000   0.0000  0.0125  0.0491  0.0710 
29.0000   0.0000  0.0126  0.0493  0.0713 
30.0000   0.0000  0.0128  0.0502  0.0726 
31.0000   0.0000  0.0130  0.0510  0.0738 
32.0000   0.0000  0.0133  0.0520  0.0752 
33.0000   0.0000  0.0137  0.0534  0.0772 
34.0000   0.0000  0.0140  0.0546  0.0788 
35.0000   0.0000  0.0141  0.0553  0.0800 
36.0000   0.0000  0.0144  0.0562  0.0812 
37.0000   0.0000  0.0145  0.0566  0.0818 
38.0000   0.0000  0.0145  0.0568  0.0821 
39.0000   0.0000  0.0147  0.0575  0.0830 
40.0000   0.0000  0.0148  0.0577  0.0833 
41.0000   0.0000  0.0148  0.0578  0.0833 
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42.0000   0.0000  0.0149  0.0580  0.0838 
43.0000   0.0000  0.0150  0.0585  0.0844 
44.0000   0.0000  0.0150  0.0588  0.0850 
45.0000   0.0000  0.0148  0.0580  0.0838 
46.0000   0.0000  0.0147  0.0575  0.0831 
47.0000   0.0000  0.0147  0.0575  0.0831 
48.0000   0.0000  0.0147  0.0575  0.0831 
49.0000   0.0000  0.0147  0.0575  0.0831 
50.0000   0.0000  0.0147  0.0575  0.0831 
51.0000   0.0000  0.0147  0.0575  0.0831 
52.0000   0.0000  0.0147  0.0575  0.0831 
53.0000   0.0000  0.0147  0.0575  0.0831 
54.0000   0.0000  0.0147  0.0575  0.0831 
55.0000   0.0000  0.0147  0.0575  0.0831 
56.0000   0.0000  0.0147  0.0575  0.0831 
57.0000   0.0000  0.0147  0.0575  0.0831 
58.0000   0.0000  0.0147  0.0575  0.0831 
59.0000   0.0000  0.0146  0.0572  0.0825 
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G.5 Retaining Wall Test – Rotation around the Top in Sand – Output File  
% Conventional Soil Strain Sensor RWTRATS – Output Results 
% Matlab Script – ConventionalSoilDisplacement.m 
% File Created: 20/10/10 by Andrew Seccombe 
% Conventional Soil Strain Sensor 
 
%Time (sec) u0 (m)  u1 (m)  u2 (m)  u3 (m) 
0.0000   0.0000  -0.0020  -0.0088  -0.0137 
1.0000   0.0000  -0.0033  -0.0136  -0.0205 
2.0000   0.0000  -0.0037  -0.0152  -0.0230 
3.0000   0.0000  -0.0035  -0.0146  -0.0221 
4.0000   0.0000  -0.0038  -0.0154  -0.0233 
5.0000   0.0000  -0.0039  -0.0161  -0.0245 
6.0000   0.0000  -0.0039  -0.0161  -0.0245 
7.0000   0.0000  -0.0039  -0.0161  -0.0245 
8.0000   0.0000  -0.0039  -0.0161  -0.0245 
9.0000   0.0000  -0.0039  -0.0160  -0.0244 
10.0000   0.0000  -0.0039  -0.0160  -0.0244 
11.0000   0.0000  -0.0039  -0.0160  -0.0244 
12.0000   0.0000  -0.0039  -0.0160  -0.0244 
13.0000   0.0000  -0.0039  -0.0159  -0.0242 
14.0000   0.0000  -0.0039  -0.0159  -0.0242 
15.0000   0.0000  -0.0038  -0.0160  -0.0243 
16.0000   0.0000  -0.0032  -0.0136  -0.0213 
17.0000   0.0000  -0.0027  -0.0118  -0.0189 
18.0000   0.0000  -0.0025  -0.0109  -0.0175 
19.0000   0.0000  -0.0024  -0.0108  -0.0174 
20.0000   0.0000  -0.0021  -0.0096  -0.0158 
21.0000   0.0000  -0.0019  -0.0091  -0.0153 
22.0000   0.0000  -0.0016  -0.0077  -0.0133 
23.0000   0.0000  -0.0011  -0.0061  -0.0110 
24.0000   0.0000  -0.0011  -0.0059  -0.0107 
25.0000   0.0000  -0.0011  -0.0059  -0.0107 
26.0000   0.0000  -0.0011  -0.0059  -0.0107 
27.0000   0.0000  -0.0011  -0.0059  -0.0107 
28.0000   0.0000  -0.0011  -0.0059  -0.0107 
29.0000   0.0000  -0.0011  -0.0059  -0.0106 
30.0000   0.0000  -0.0011  -0.0059  -0.0106 
31.0000   0.0000  -0.0011  -0.0059  -0.0106 
32.0000   0.0000  -0.0011  -0.0058  -0.0104 
33.0000   0.0000  -0.0009  -0.0052  -0.0096 
34.0000   0.0000  -0.0005  -0.0034  -0.0071 
35.0000   0.0000  -0.0004  -0.0031  -0.0067 
36.0000   0.0000  -0.0004  -0.0030  -0.0065 
37.0000   0.0000  -0.0001  -0.0019  -0.0049 
38.0000   0.0000  0.0001  -0.0011  -0.0036 
39.0000   0.0000  0.0000  -0.0012  -0.0037 
40.0000   0.0000  0.0001  -0.0011  -0.0035 
41.0000   0.0000  0.0006  0.0008  -0.0009 
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42.0000   0.0000  0.0006  0.0008  -0.0008 
43.0000   0.0000  0.0006  0.0009  -0.0008 
44.0000   0.0000  0.0006  0.0008  -0.0009 
45.0000   0.0000  0.0005  0.0006  -0.0011 
46.0000   0.0000  0.0005  0.0005  -0.0012 
47.0000   0.0000  0.0005  0.0004  -0.0016 
48.0000   0.0000  0.0005  0.0004  -0.0014 
49.0000   0.0000  0.0005  0.0004  -0.0014 
50.0000   0.0000  0.0004  0.0002  -0.0016 
51.0000   0.0000  0.0004  0.0001  -0.0018 
52.0000   0.0000  0.0004  0.0000  -0.0019 
53.0000   0.0000  0.0003  -0.0002  -0.0020 
54.0000   0.0000  0.0003  -0.0003  -0.0022 
55.0000   0.0000  0.0003  -0.0003  -0.0023 
56.0000   0.0000  0.0003  -0.0003  -0.0023 
57.0000   0.0000  0.0002  -0.0004  -0.0024 
58.0000   0.0000  0.0002  -0.0004  -0.0024 
59.0000   0.0000  0.0002  -0.0004  -0.0024 
60.0000   0.0000  0.0002  -0.0004  -0.0024 
61.0000   0.0000  0.0002  -0.0004  -0.0024 
62.0000   0.0000  0.0002  -0.0004  -0.0024 
63.0000   0.0000  0.0002  -0.0004  -0.0024 
64.0000   0.0000  0.0002  -0.0004  -0.0024 
65.0000   0.0000  0.0002  -0.0004  -0.0024 
66.0000   0.0000  0.0002  -0.0005  -0.0025 
67.0000   0.0000  0.0002  -0.0005  -0.0025 
68.0000   0.0000  0.0002  -0.0004  -0.0024 
69.0000   0.0000  0.0002  -0.0004  -0.0024 
70.0000   0.0000  0.0002  -0.0004  -0.0024 
71.0000   0.0000  0.0002  -0.0004  -0.0024 
72.0000   0.0000  0.0002  -0.0004  -0.0024 
73.0000   0.0000  0.0002  -0.0004  -0.0024 
74.0000   0.0000  0.0002  -0.0005  -0.0025 
75.0000   0.0000  0.0001  -0.0008  -0.0030 
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G.6 Retaining Wall Test – No Rotation in Sand – Output File  
% Conventional Soil Strain Sensor RWTNRS – Output Results 
% Matlab Script – ConventionalSoilDisplacement.m 
% File Created: 20/10/10 by Andrew Seccombe 
% Conventional Soil Strain Sensor 
 
%Time (sec) u0 (m)  u1 (m)  u2 (m)  u3 (m) 
0.0000   0.0000  -0.0000  -0.0000  0.0000 
1.0000   0.0000  -0.0000  -0.0000  0.0000 
2.0000   0.0000  -0.0000  -0.0001  -0.0001 
3.0000   0.0000  -0.0000  -0.0001  -0.0001 
4.0000   0.0000  -0.0003  -0.0013  -0.0022 
5.0000   0.0000  -0.0005  -0.0018  -0.0021 
6.0000   0.0000  -0.0006  -0.0023  -0.0030 
7.0000   0.0000  -0.0013  -0.0048  -0.0063 
8.0000   0.0000  -0.0012  -0.0045  -0.0060 
9.0000   0.0000  -0.0006  -0.0023  -0.0030 
10.0000   0.0000  0.0034  0.0140  0.0212 
11.0000   0.0000  0.0048  0.0197  0.0295 
12.0000   0.0000  0.0058  0.0237  0.0356 
13.0000   0.0000  0.0064  0.0259  0.0387 
14.0000   0.0000  0.0074  0.0301  0.0450 
15.0000   0.0000  0.0073  0.0295  0.0442 
16.0000   0.0000  0.0072  0.0293  0.0439 
17.0000   0.0000  0.0072  0.0292  0.0438 
18.0000   0.0000  0.0071  0.0290  0.0435 
19.0000   0.0000  0.0070  0.0286  0.0429 
20.0000   0.0000  0.0070  0.0284  0.0426 
21.0000   0.0000  0.0069  0.0280  0.0420 
22.0000   0.0000  0.0067  0.0274  0.0412 
23.0000   0.0000  0.0067  0.0275  0.0413 
24.0000   0.0000  0.0068  0.0276  0.0415 
25.0000   0.0000  0.0068  0.0277  0.0417 
26.0000   0.0000  0.0068  0.0277  0.0417 
27.0000   0.0000  0.0068  0.0277  0.0417 
28.0000   0.0000  0.0068  0.0277  0.0417 
29.0000   0.0000  0.0068  0.0277  0.0417 
30.0000   0.0000  0.0068  0.0277  0.0417 
31.0000   0.0000  0.0068  0.0277  0.0417 
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G.7 Retaining Wall Test – Rotation around Base in Gravel – Output File  
% Conventional Soil Strain Sensor RWTRABG – Output Results 
% Matlab Script – ConventionalSoilDisplacement.m 
% File Created: 20/10/10 by Andrew Seccombe 
% Conventional Soil Strain Sensor 
 
%Time (sec) u0 (m)  u1 (m)  u2 (m)  u3 (m) 
0.0000   0.0000  0.0007  0.0023  0.0029 
1.0000   0.0000  0.0013  0.0045  0.0059 
2.0000   0.0000  0.0026  0.0097  0.0132 
3.0000   0.0000  0.0040  0.0153  0.0213 
4.0000   0.0000  0.0046  0.0178  0.0251 
5.0000   0.0000  0.0052  0.0200  0.0284 
6.0000   0.0000  0.0054  0.0208  0.0297 
7.0000   0.0000  0.0054  0.0209  0.0298 
8.0000   0.0000  0.0054  0.0210  0.0300 
9.0000   0.0000  0.0064  0.0249  0.0359 
10.0000   0.0000  0.0071  0.0277  0.0400 
11.0000   0.0000  0.0075  0.0295  0.0428 
12.0000   0.0000  0.0081  0.0317  0.0460 
13.0000   0.0000  0.0086  0.0337  0.0489 
14.0000   0.0000  0.0087  0.0340  0.0493 
15.0000   0.0000  0.0088  0.0347  0.0503 
16.0000   0.0000  0.0091  0.0357  0.0519 
17.0000   0.0000  0.0091  0.0358  0.0519 
18.0000   0.0000  0.0095  0.0372  0.0539 
19.0000   0.0000  0.0095  0.0373  0.0540 
20.0000   0.0000  0.0095  0.0373  0.0540 
21.0000   0.0000  0.0095  0.0372  0.0539 
22.0000   0.0000  0.0095  0.0372  0.0539 
23.0000   0.0000  0.0095  0.0372  0.0539 
24.0000   0.0000  0.0097  0.0382  0.0553 
25.0000   0.0000  0.0097  0.0381  0.0554 
26.0000   0.0000  0.0101  0.0398  0.0578 
27.0000   0.0000  0.0108  0.0426  0.0619 
28.0000   0.0000  0.0108  0.0425  0.0617 
29.0000   0.0000  0.0108  0.0425  0.0618 
30.0000   0.0000  0.0108  0.0424  0.0617 
31.0000   0.0000  0.0108  0.0424  0.0617 
32.0000   0.0000  0.0108  0.0424  0.0617 
33.0000   0.0000  0.0108  0.0424  0.0617 
34.0000   0.0000  0.0108  0.0424  0.0616 
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G.8 Durability Testing – High Moisture Content Testing – Output File 
% Conventional Soil Strain Sensor – Durability Testing – EMI Output Results 
% Matlab Script – ConventionalSoilDisplacement.m 
% File Created: 20/10/10 by Andrew Seccombe 
% Conventional Soil Strain Sensor 
 
%Time (sec) u0 (m)  u1 (m)  u2 (m)  u3 (m) 
0.0000   0.0000  0.0001  0.0001  -0.0001 
1.0000   0.0000  0.0002  0.0003  -0.0004 
2.0000   0.0000  0.0004  0.0005  -0.0007 
3.0000   0.0000  0.0004  0.0005  -0.0007 
4.0000   0.0000  0.0004  0.0005  -0.0006 
5.0000   0.0000  0.0004  0.0005  -0.0006 
6.0000   0.0000  0.0004  0.0005  -0.0007 
7.0000   0.0000  0.0004  0.0006  -0.0007 
8.0000   0.0000  0.0004  0.0006  -0.0008 
9.0000   0.0000  0.0004  0.0005  -0.0007 
10.0000   0.0000  0.0004  0.0005  -0.0007 
11.0000   0.0000  0.0004  0.0005  -0.0007 
12.0000   0.0000  0.0004  0.0006  -0.0007 
13.0000   0.0000  0.0005  0.0006  -0.0008 
14.0000   0.0000  0.0005  0.0007  -0.0008 
15.0000   0.0000  0.0005  0.0007  -0.0009 
16.0000   0.0000  0.0005  0.0007  -0.0009 
17.0000   0.0000  0.0005  0.0007  -0.0009 
18.0000   0.0000  0.0005  0.0007  -0.0009 
19.0000   0.0000  0.0005  0.0007  -0.0009 
20.0000   0.0000  0.0006  0.0008  -0.0010 
21.0000   0.0000  0.0006  0.0008  -0.0010 
22.0000   0.0000  0.0006  0.0008  -0.0011 
23.0000   0.0000  0.0007  0.0009  -0.0011 
24.0000   0.0000  0.0007  0.0009  -0.0011 
25.0000   0.0000  0.0007  0.0009  -0.0012 
26.0000   0.0000  0.0007  0.0010  -0.0013 
27.0000   0.0000  0.0008  0.0010  -0.0013 
28.0000   0.0000  0.0008  0.0011  -0.0014 
29.0000   0.0000  0.0009  0.0011  -0.0015 
30.0000   0.0000  0.0009  0.0012  -0.0016 
31.0000   0.0000  0.0009  0.0012  -0.0016 
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G.9 Durability Testing – Electromagnetic Interference Testing – Output File 
% Conventional Soil Strain Sensor – Durability Testing – HMC Output Results 
% Matlab Script – ConventionalSoilDisplacement.m 
% File Created: 20/10/10 by Andrew Seccombe 
% Conventional Soil Strain Sensor 
 
%Time (sec) u0 (m)  u1 (m)  u2 (m)  u3 (m) 
0.0000   0.0000  0.0114  0.0210  -0.0026 
1.0000   0.0000  0.0123  0.0249  0.0039 
2.0000   0.0000  0.0121  0.0246  0.0041 
3.0000   0.0000  0.0105  0.0203  0.0004 
4.0000   0.0000  0.0108  0.0220  0.0039 
5.0000   0.0000  0.0109  0.0229  0.0060 
6.0000   0.0000  0.0109  0.0244  0.0098 
7.0000   0.0000  0.0108  0.0249  0.0117 
8.0000   0.0000  0.0111  0.0269  0.0158 
9.0000   0.0000  0.0113  0.0281  0.0181 
10.0000   0.0000  0.0119  0.0307  0.0220 
11.0000   0.0000  0.0123  0.0321  0.0242 
12.0000   0.0000  0.0127  0.0338  0.0269 
13.0000   0.0000  0.0128  0.0342  0.0274 
14.0000   0.0000  0.0128  0.0343  0.0277 
15.0000   0.0000  0.0131  0.0355  0.0296 
16.0000   0.0000  0.0135  0.0372  0.0322 
17.0000   0.0000  0.0137  0.0379  0.0331 
18.0000   0.0000  0.0143  0.0405  0.0373 
19.0000   0.0000  0.0145  0.0414  0.0386 
20.0000   0.0000  0.0142  0.0424  0.0430 
21.0000   0.0000  0.0136  0.0420  0.0453 
22.0000   0.0000  0.0132  0.0420  0.0475 
23.0000   0.0000  0.0110  0.0393  0.0515 
24.0000   0.0000  0.0109  0.0393  0.0519 
25.0000   0.0000  0.0103  0.0383  0.0524 
26.0000   0.0000  0.0099  0.0377  0.0532 
27.0000   0.0000  0.0096  0.0373  0.0537 
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Appendix H – MATLAB Input Files for FBG 
Soil Strain Sensor 
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H.1 Calibration 1 – Input File 
% Micron Optics     
% Optical Sensing Interrogator Unit (sm125)      
% File Created: 08/10/10 13:28:55     
%   Ch 1  Ch 2  Ch 3  Ch 4 
%   ue    ue    ue    ue   
%   ----  ----  ----  ---- 
13:28:56  +0.00000 +0.00000 0.00000 0.00000 
13:28:57  -0.00012 -0.00008 0.00013 0.00010 
13:28:58  -0.00031 -0.00013 0.00033 0.00015 
13:28:59  -0.00040 -0.00017 0.00047 0.00019 
13:29:00  -0.00063 -0.00021 0.00073 0.00023 
13:29:01  -0.00099 -0.00026 0.00113 0.00028 
13:29:02  -0.00122 -0.00030 0.00142 0.00032 
13:29:03  -0.00149 -0.00035 0.00170 0.00037 
13:29:04  -0.00181 -0.00039 0.00201 0.00041 
13:29:05  -0.00207 -0.00044 0.00231 0.00046 
13:29:06  -0.00229 -0.00048 0.00252 0.00050 
13:29:07  -0.00247 -0.00041 0.00269 0.00043 
13:29:08  -0.00260 -0.00051 0.00286 0.00053 
13:29:09  -0.00279 -0.00052 0.00304 0.00054 
13:29:10  -0.00295 -0.00052 0.00321 0.00054 
13:29:11  -0.00308 -0.00050 0.00335 0.00052 
13:29:12  -0.00330 -0.00052 0.00357 0.00054 
13:29:13  -0.00348 -0.00056 0.00380 0.00058 
13:29:14  -0.00372 -0.00057 0.00397 0.00059 
13:29:15  -0.00390 -0.00062 0.00415 0.00064 
13:29:16  -0.00399 -0.00063 0.00428 0.00065 
13:29:17  -0.00432 -0.00063 0.00460 0.00065 
13:29:18  -0.00453 -0.00072 0.00479 0.00074 
13:29:19  -0.00465 -0.00074 0.00487 0.00076 
13:29:20  -0.00468 -0.00076 0.00492 0.00078 
13:29:21  -0.00476 -0.00079 0.00499 0.00081 
13:29:22  -0.00478 -0.00081 0.00504 0.00083 
13:29:23  -0.00492 -0.00083 0.00516 0.00085 
13:29:24  -0.00497 -0.00087 0.00521 0.00089 
13:29:25  -0.00505 -0.00088 0.00530 0.00090 
13:29:26  -0.00521 -0.00090 0.00546 0.00092 
13:29:27  -0.00529 -0.00090 0.00552 0.00092 
13:29:28  -0.00529 -0.00094 0.00553 0.00096 
13:29:29  -0.00527 -0.00096 0.00552 0.00098 
13:29:30  -0.00525 -0.00098 0.00551 0.00100 
13:29:31  -0.00524 -0.00101 0.00550 0.00103 
13:29:32  -0.00524 -0.00102 0.00551 0.00104 
13:29:33  -0.00524 -0.00103 0.00552 0.00105 
13:29:34  -0.00524 -0.00107 0.00552 0.00109 
13:29:35  -0.00523 -0.00109 0.00551 0.00111 
13:29:36  -0.00522 -0.00111 0.00550 0.00113 
13:29:37  -0.00521 -0.00113 0.00550 0.00115 
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13:29:38  -0.00521 -0.00115 0.00549 0.00117 
13:29:39  -0.00520 -0.00117 0.00549 0.00119 
13:29:40  -0.00504 -0.00120 0.00531 0.00122 
13:29:41  -0.00501 -0.00122 0.00520 0.00124 
13:29:42  -0.00499 -0.00121 0.00518 0.00123 
13:29:43  -0.00497 -0.00119 0.00516 0.00121 
13:29:44  -0.00501 -0.00116 0.00519 0.00118 
13:29:45  -0.00501 -0.00116 0.00517 0.00118 
13:29:46  -0.00505 -0.00115 0.00517 0.00117 
13:29:47  -0.00508 -0.00117 0.00517 0.00119 
13:29:48  -0.00507 -0.00115 0.00512 0.00117 
13:29:49  -0.00506 -0.00115 0.00508 0.00117 
13:29:50  -0.00506 -0.00115 0.00506 0.00117 
13:29:51  -0.00502 -0.00115 0.00510 0.00117 
13:29:52  -0.00502 -0.00114 0.00511 0.00116 
13:29:53  -0.00502 -0.00114 0.00512 0.00116 
13:29:54  -0.00504 -0.00113 0.00513 0.00115 
13:29:55  -0.00504 -0.00112 0.00513 0.00114 
13:29:56  -0.00506 -0.00111 0.00519 0.00113 
13:29:57  -0.00501 -0.00111 0.00510 0.00113 
13:29:58  -0.00499 -0.00111 0.00509 0.00113 
13:29:59  -0.00500 -0.00106 0.00509 0.00108 
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H.2 Calibration 2 – Input File 
% Micron Optics     
% Optical Sensing Interrogator Unit (sm125)      
% File Created: 08/10/10 12:10:04     
%   Ch 1  Ch 2  Ch 3  Ch 4 
%   ue    ue    ue    ue   
%   ----  ----  ----  ---- 
12:10:05  -0.0002 0.00000 0.00100 0.0008 
12:10:06  -0.0001 -0.0001 0.00180 0.0009 
12:10:07  -0.0015 -0.0002 0.00230 0.0010 
12:10:08  -0.0019 -0.0005 0.00270 0.0013 
12:10:09  -0.0021 -0.0009 0.00290 0.0017 
12:10:10  -0.0032 -0.0014 0.00400 0.0022 
12:10:11  -0.0031 -0.0017 0.00390 0.0025 
12:10:12  -0.0037 -0.0021 0.00450 0.0029 
12:10:13  -0.0044 -0.0022 0.00520 0.0030 
12:10:14  -0.0053 -0.0023 0.00610 0.0031 
12:10:15  -0.0057 -0.0029 0.00650 0.0037 
12:10:16  -0.0061 -0.0032 0.00690 0.0040 
12:10:17  -0.0069 -0.0033 0.00770 0.0041 
12:10:18  -0.0079 -0.0036 0.00870 0.0044 
12:10:19  -0.0080 -0.0038 0.00880 0.0046 
12:10:20  -0.0086 -0.0041 0.00940 0.0049 
12:10:21  -0.0094 -0.0044 0.01020 0.0052 
12:10:22  -0.0103 -0.0046 0.01110 0.0054 
12:10:23  -0.0112 -0.0050 0.01200 0.0058 
12:10:24  -0.0116 -0.0053 0.01240 0.0061 
12:10:25  -0.0125 -0.0054 0.01330 0.0062 
12:10:26  -0.0132 -0.0054 0.01400 0.0062 
12:10:27  -0.0138 -0.0059 0.01460 0.0067 
12:10:28  -0.0144 -0.0064 0.01520 0.0072 
12:10:29  -0.0151 -0.0065 0.01590 0.0073 
12:10:30  -0.0155 -0.0066 0.01630 0.0074 
12:10:31  -0.0156 -0.0070 0.01640 0.0078 
12:10:32  -0.0162 -0.0072 0.01700 0.0080 
12:10:33  -0.0163 -0.0073 0.01710 0.0081 
12:10:34  -0.0165 -0.0078 0.01730 0.0086 
12:10:35  -0.0170 -0.0082 0.01780 0.0090 
12:10:36  -0.0191 -0.0081 0.01990 0.0089 
12:10:37  -0.0203 -0.0087 0.02110 0.0095 
12:10:38  -0.0205 -0.0089 0.02130 0.0097 
12:10:39  -0.0216 -0.0093 0.02240 0.0101 
12:10:40  -0.0225 -0.0096 0.02330 0.0104 
12:10:41  -0.0231 -0.0101 0.02390 0.0109 
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H.3 Calibration 3 – Input File 
% Micron Optics     
% Optical Sensing Interrogator Unit (sm125)       
% File Created: 08/10/10 03:28:55     
%   Ch 1  Ch 2  Ch 3  Ch 4 
%   ue    ue    ue    ue   
%   ----  ----  ----  ---- 
%     
3:28:55  0.00000 0.000000 0.00000 0.0000 
3:28:56  -0.00083 -0.000421 0.00073 0.00022 
3:28:57  -0.00129 -0.000579 0.00119 0.00038 
3:28:58  -0.00148 -0.000707 0.00138 0.00051 
3:28:59  -0.00143 -0.000791 0.00133 0.00059 
3:29:00  -0.00149 -0.000882 0.00139 0.00068 
3:29:01  -0.00155 -0.000940 0.00145 0.00074 
3:29:02  -0.00161 -0.000992 0.00151 0.00079 
3:29:03  -0.00167 -0.001053 0.00157 0.00085 
3:29:04  -0.00173 -0.001083 0.00163 0.00088 
3:29:05  -0.00179 -0.001143 0.00169 0.00094 
3:29:06  -0.00177 -0.001139 0.00167 0.00094 
3:29:07  -0.00178 -0.001132 0.00168 0.00093 
3:29:08  -0.00178 -0.001133 0.00168 0.00093 
3:29:09  -0.00186 -0.001147 0.00176 0.00095 
3:29:10  -0.00187 -0.001166 0.00177 0.00097 
3:29:11  -0.00192 -0.001154 0.00182 0.00095 
3:29:12  -0.00206 -0.001188 0.00196 0.00099 
3:29:13  -0.00206 -0.001211 0.00196 0.00101 
3:29:14  -0.00212 -0.001236 0.00202 0.00104 
3:29:15  -0.00211 -0.001246 0.00201 0.00105 
3:29:16  -0.00211 -0.001269 0.00201 0.00107 
3:29:17  -0.00215 -0.001260 0.00205 0.00106 
3:29:18  -0.00218 -0.001248 0.00208 0.00105 
3:29:19  -0.00219 -0.001239 0.00209 0.00104 
3:29:20  -0.00217 -0.001242 0.00207 0.00104 
3:29:21  -0.00218 -0.001281 0.00208 0.00108 
3:29:22  -0.00222 -0.001303 0.00212 0.00110 
3:29:23  -0.00223 -0.001335 0.00213 0.00113 
3:29:24  -0.00224 -0.001379 0.00214 0.00118 
3:29:25  -0.00224 -0.001387 0.00214 0.00119 
3:29:26  -0.00225 -0.001414 0.00215 0.00121 
3:29:27  -0.00226 -0.001443 0.00216 0.00124 
3:29:28  -0.00226 -0.001459 0.00216 0.00126 
3:29:29  -0.00228 -0.001462 0.00218 0.00126 
3:29:30  -0.00225 -0.001442 0.00215 0.00124 
3:29:31  -0.00224 -0.001396 0.00214 0.00120 
3:29:32  -0.00225 -0.001348 0.00215 0.00115 
3:29:33  -0.00222 -0.001334 0.00212 0.00113 
3:29:34  -0.00223 -0.001299 0.00213 0.00110 
3:29:35  -0.00225 -0.001344 0.00215 0.00114 
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H.4 Retaining Wall Test – Rotation around the Base in Sand – Input File 
% Micron Optics     
% Optical Sensing Interrogator Unit (sm125) 
% File Created: 10/10/10 09:45:47 
%   Ch 1  Ch 2  Ch 3  Ch 4 
%   ue    ue    ue    ue   
%   ----  ----  ----  ---- 
%     
9:45:48  0.00000 0.00000 0.00000 0.00000  
9:45:49  -0.00452 0.00053 0.00420 -0.00084  
9:45:50  -0.00704 0.00221 0.00672 -0.00252  
9:45:51  -0.00725 0.00242 0.00693 -0.00273  
9:45:52  -0.00819 0.00305 0.00788 -0.00336  
9:45:53  -0.01155 0.00462 0.01124 -0.00494  
9:45:54  -0.01197 0.00473 0.01166 -0.00504  
9:45:55  -0.01250 0.00504 0.01218 -0.00536  
9:45:56  -0.01365 0.00578 0.01334 -0.00609  
9:45:57  -0.01397 0.00620 0.01365 -0.00651  
9:45:58  -0.01491 0.00725 0.01460 -0.00756  
9:45:59  -0.01638 0.00830 0.01607 -0.00861  
9:46:00  -0.02037 0.00903 0.02006 -0.00935  
9:46:01  -0.02048 0.00914 0.02016 -0.00945  
9:46:02  -0.02132 0.00809 0.02100 -0.00840  
9:46:03  -0.02394 0.00746 0.02363 -0.00777  
9:46:04  -0.02510 0.00777 0.02478 -0.00809  
9:46:05  -0.02751 0.00767 0.02720 -0.00798  
9:46:06  -0.02793 0.00767 0.02762 -0.00798  
9:46:07  -0.02972 0.00903 0.02940 -0.00935  
9:46:08  -0.03056 0.00987 0.03024 -0.01019  
9:46:09  -0.03140 0.01008 0.03108 -0.01040  
9:46:10  -0.03224 0.00977 0.03192 -0.01008  
9:46:11  -0.03402 0.01082 0.03371 -0.01113  
9:46:12  -0.03528 0.01061 0.03497 -0.01092  
9:46:13  -0.03591 0.01071 0.03560 -0.01103  
9:46:14  -0.03612 0.01061 0.03581 -0.01092  
9:46:15  -0.03675 0.01103 0.03644 -0.01134  
9:46:16  -0.03717 0.01155 0.03686 -0.01187  
9:46:17  -0.03812 0.01187 0.03780 -0.01218  
9:46:18  -0.03959 0.01229 0.03927 -0.01260  
9:46:19  -0.04106 0.01239 0.04074 -0.01271  
9:46:20  -0.04190 0.01239 0.04158 -0.01271  
9:46:21  -0.04263 0.01281 0.04232 -0.01313  
9:46:22  -0.04305 0.01281 0.04274 -0.01313  
9:46:23  -0.04368 0.01334 0.04337 -0.01365  
9:46:24  -0.04641 0.01344 0.04610 -0.01376  
9:46:25  -0.04641 0.01323 0.04610 -0.01355  
9:46:26  -0.04673 0.01355 0.04641 -0.01386  
9:46:27  -0.04704 0.01323 0.04673 -0.01355  
9:46:28  -0.04694 0.01302 0.04662 -0.01334  
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9:46:29  -0.04694 0.01292 0.04662 -0.01323  
9:46:30  -0.04694 0.01292 0.04662 -0.01323  
9:46:31  -0.04736 0.01292 0.04704 -0.01323  
9:46:32  -0.04757 0.01292 0.04725 -0.01323  
9:46:33  -0.04767 0.01281 0.04736 -0.01313  
9:46:34  -0.04788 0.01281 0.04757 -0.01313  
9:46:35  -0.04809 0.01281 0.04778 -0.01313  
9:46:36  -0.04788 0.01281 0.04757 -0.01313  
9:46:37  -0.04820 0.01281 0.04788 -0.01313  
9:46:38  -0.04862 0.01281 0.04830 -0.01313  
9:46:39  -0.04862 0.01281 0.04830 -0.01313  
9:46:40  -0.04883 0.01323 0.04851 -0.01355  
9:46:41  -0.04890 0.01337 0.04858 -0.01369  
9:46:42  -0.04900 0.01358 0.04869 -0.01390  
9:46:43  -0.04911 0.01379 0.04879 -0.01411  
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H.5 Retaining Wall Test – Rotation around the Top in Sand – Input File 
% Micron Optics     
% Optical Sensing Interrogator Unit (sm125)      
%File Created: 10/10/10 16:32:45      
%   Ch 1  Ch 2  Ch 3  Ch 4 
%   ue    ue    ue    ue   
%   ----  ----  ----  ---- 
%      
16:32:46  0.000946 0.000125 -0.001196 -0.000154  
16:32:47  0.001452 0.000045 -0.001807 -0.000056  
16:32:48  0.001661 0.000050 -0.001976 -0.000063  
16:32:49  0.001606 0.000055 -0.001898 -0.000056  
16:32:50  0.001672 0.000050 -0.002028 -0.000056  
16:32:51  0.001749 0.000080 -0.002132 -0.000105  
16:32:52  0.001749 0.000080 -0.002119 -0.000098  
16:32:53  0.001749 0.000080 -0.002119 -0.000098  
16:32:54  0.001749 0.000080 -0.002119 -0.000098  
16:32:55  0.001738 0.000080 -0.002119 -0.000098  
16:32:56  0.001738 0.000080 -0.002119 -0.000098  
16:32:57  0.001738 0.000080 -0.002119 -0.000098  
16:32:58  0.001738 0.000080 -0.002119 -0.000098  
16:32:59  0.001727 0.000075 -0.002106 -0.000091  
16:33:00  0.001727 0.000075 -0.002106 -0.000091  
16:33:01  0.001727 0.000085 -0.002119 -0.000112  
16:33:02  0.001518 0.000185 -0.001807 -0.000259  
16:33:03  0.001320 0.000255 -0.001599 -0.000357  
16:33:04  0.001221 0.000250 -0.001482 -0.000343  
16:33:05  0.001210 0.000250 -0.001469 -0.000350  
16:33:06  0.001089 0.000295 -0.001313 -0.000420  
16:33:07  0.001067 0.000335 -0.001248 -0.000469  
16:33:08  0.000924 0.000350 -0.001066 -0.000504  
16:33:09  0.000748 0.000390 -0.000858 -0.000553  
16:33:10  0.000726 0.000380 -0.000845 -0.000546  
16:33:11  0.000726 0.000380 -0.000845 -0.000539  
16:33:12  0.000726 0.000375 -0.000832 -0.000539  
16:33:13  0.000726 0.000375 -0.000832 -0.000539  
16:33:14  0.000726 0.000375 -0.000845 -0.000532  
16:33:15  0.000726 0.000370 -0.000832 -0.000532  
16:33:16  0.000726 0.000370 -0.000832 -0.000532  
16:33:17  0.000715 0.000370 -0.000832 -0.000525  
16:33:18  0.000704 0.000365 -0.000819 -0.000518  
16:33:19  0.000660 0.000365 -0.000728 -0.000546  
16:33:20  0.000462 0.000405 -0.000520 -0.000588  
16:33:21  0.000429 0.000410 -0.000481 -0.000595  
16:33:22  0.000418 0.000410 -0.000468 -0.000588  
16:33:23  0.000308 0.000410 -0.000325 -0.000595  
16:33:24  0.000220 0.000415 -0.000208 -0.000553  
16:33:33  0.000088 0.000440 0.000000 -0.000637  
16:33:34  0.000077 0.000420 0.000013 -0.000609  
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16:33:35  0.000077 0.000415 0.000013 -0.000602  
16:33:36  0.000088 0.000395 -0.000013 -0.000574  
16:33:37  0.000110 0.000405 -0.000026 -0.000581  
16:33:38  0.000121 0.000395 -0.000026 -0.000567  
16:33:39  0.000132 0.000355 -0.000052 -0.000525  
16:33:40  0.000143 0.000370 -0.000065 -0.000532  
16:33:41  0.000154 0.000370 -0.000065 -0.000539  
16:33:42  0.000154 0.000375 -0.000065 -0.000539  
16:33:43  0.000165 0.000370 -0.000078 -0.000532  
16:33:44  0.000165 0.000370 -0.000078 -0.000532  
16:33:45  0.000165 0.000370 -0.000078 -0.000532  
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H.6 Retaining Wall Test – No Rotation in Sand – Input File 
% Micron Optics      
% Optical Sensing Interrogator Unit (sm125)       
% File Created: 08/10/10 10:19:52      
%   Ch 1  Ch 2  Ch 3  Ch 4 
%   ue    ue    ue    ue   
%   ----  ----  ----  ---- 
%      
10:19:53  0.000000 -0.000160 0.000000 0.000000  
10:19:54  0.000040 -0.000088 0.000160 -0.000184  
10:19:55  0.000080 -0.000104 0.000400 -0.000472  
10:19:56  0.000240 -0.000152 0.000720 -0.000480  
10:19:57  0.000160 -0.000336 0.000640 -0.000320  
10:19:58  -0.001040 -0.000400 0.001200 -0.000560  
10:19:59  -0.001200 -0.001520 0.001280 -0.001760  
10:20:00  -0.001600 -0.001680 0.001760 -0.001440  
10:20:01  -0.003440 -0.002560 0.003680 -0.003280  
10:20:02  -0.003280 -0.001040 0.003440 -0.002160  
10:20:03  -0.001680 -0.000480 0.001680 -0.001280  
10:20:04  -0.005100 -0.000210 0.001510 -0.009500  
10:20:05  -0.008520 0.000060 0.001340 -0.017720  
10:20:06  -0.008800 -0.000640 0.013600 -0.000480  
10:20:07  -0.014800 -0.000240 0.016480 -0.000320  
10:20:08  -0.017920 0.000000 0.019840 -0.000160  
10:20:09  -0.018560 0.000640 0.022560 -0.000160  
10:20:10  -0.022800 0.000160 0.024960 0.000000  
10:20:11  -0.022320 0.000080 0.024560 0.000000  
10:20:12  -0.022160 0.000080 0.024400 0.000000  
10:20:13  -0.022080 0.000080 0.024400 0.000000  
10:20:14  -0.021920 0.000080 0.024160 -0.000080  
10:20:15  -0.021600 0.000160 0.023920 0.000000  
10:20:16  -0.021440 0.000080 0.023760 0.000000  
10:20:17  -0.021120 0.000240 0.023440 -0.000160  
10:20:18  -0.020560 -0.000160 0.023040 -0.000320  
10:20:19  -0.020720 -0.000160 0.023040 -0.000480  
10:20:20  -0.020800 -0.000240 0.023200 -0.000400  
10:20:21  -0.020880 -0.000560 0.023200 -0.000720  
10:20:22  -0.020880 -0.000480 0.023200 -0.000720  
10:20:23  -0.020880 -0.000480 0.023280 -0.000720  
10:20:24  -0.020880 -0.000480 0.023280 -0.000640  
10:20:25  -0.020880 -0.000480 0.023280 -0.000720  
10:20:26  -0.020880 -0.000480 0.023280 -0.000720  
10:20:27  -0.020880 -0.000480 0.023280 -0.000720  
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H.7 Durability Testing – High Moisture Content Testing – Input Files 
% Micron Optics      
% Optical Sensing Interrogator Unit (sm125)      
% File Created: 20/10/10 14:12:19      
%   Ch 1  Ch 2  Ch 3  Ch 4 
%   ue    ue    ue    ue   
%   ----  ----  ----  ----    
14:12:20  0.00000 0.00000 0.00000 0.00000  
14:12:21  -0.00112 0.00255 0.00580 -0.00130  
14:12:22  -0.006232 0.001423 0.00588 -0.001764  
14:12:23  -0.007849 0.002536 0.007497 -0.002877  
14:12:24  -0.008445 0.002977 0.008098 -0.003318  
14:12:25  -0.011739 0.004720 0.011398 -0.005061  
14:12:26  -0.015175 0.006568 0.014829 -0.006909  
14:12:27  -0.015837 0.007345 0.01549 -0.007686  
14:12:28  -0.017136 0.00850 0.016795 -0.008841  
14:12:29  -0.020013 0.009495 0.019672 -0.009841  
14:12:30  -0.034036 0.010962 0.033684 -0.011314  
14:12:31  -0.036795 0.011403 0.036448 -0.011755  
14:12:32  -0.039606 0.011731 0.039265 -0.012078  
14:12:33  -0.040047 0.011881 0.039706 -0.012222  
14:12:34  -0.040635 0.012393 0.040294 -0.012739  
14:12:35  -0.041362 0.012865 0.041016 -0.013212  
14:12:36  -0.042667 0.013267 0.042315 -0.013608  
14:12:37  -0.044284 0.013569 0.043932 -0.013915  
14:12:38  -0.045586 0.013629 0.045234 -0.013981  
14:12:39  -0.046455 0.013839 0.046108 -0.014191  
14:12:40  -0.047103 0.014091 0.046762 -0.014443  
14:12:41  -0.04767 0.014356 0.047329 -0.014703  
14:12:42  -0.049413 0.014724 0.049072 -0.01507  
14:12:43  -0.051051 0.014679 0.05071 -0.015031  
14:12:44  -0.051631 0.014398 0.051285 -0.014745  
14:12:45  -0.052377 0.014157 0.05203 -0.014503  
14:12:46  -0.052542 0.014091 0.052201 -0.014443  
14:12:47  -0.052773 0.014091 0.052432 -0.014443  
14:12:48  -0.052794 0.014091 0.052453 -0.014443  
14:12:49  -0.052828 0.014091 0.052482 -0.014443  
14:12:50  -0.05323 0.014091 0.052878 -0.014443  
14:12:51  -0.053482 0.014091 0.05313 -0.014443  
14:12:52  -0.053587 0.014301 0.053235 -0.014653  
14:12:53  -0.053748 0.014623 0.053396 -0.014975  
14:12:54  -0.054145 0.015442 0.053818 -0.015794  
14:12:55  -0.054621 0.016429 0.054329 -0.016781  
14:12:56  -0.054731 0.016660 0.05445 -0.017012  
14:12:57  -0.054841 0.016891 0.054571 -0.017243  
14:12:58  -0.054951 0.017122 0.054692 -0.017474  
14:12:59  -0.055061 0.017353 0.054813 -0.017705  
14:13:00  -0.055171 0.017584 0.054934 -0.017936  
14:13:01  -0.055281 0.017815 0.055055 -0.018167 
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H.8 Durability Testing – Electromagnetic Interference Testing – Input Files 
% Micron Optics     
% Optical Sensing Interrogator Unit (sm125) 
% File Created: 20/10/10 12:19:06 
%   Ch 1  Ch 2  Ch 3  Ch 4 
%   ue    ue    ue    ue   
%   ----  ----  ----  ---- 
%     
12:19:07  -0.0063580 0.0015070 0.0060060 -0.0018480  
12:19:08  -0.0078595 0.0025465 0.0075075 -0.0028875  
12:19:09  -0.008492 0.0030085 0.0081455 -0.0033495  
12:19:10  -0.010857 0.0042185 0.010516 -0.004565  
12:19:11  -0.012936 0.0051425 0.012595 -0.005489  
12:19:12  -0.015884 0.0073975 0.0155375 -0.0077385  
12:19:13  -0.0172095 0.0085525 0.0168685 -0.0088935  
12:19:14  -0.0202125 0.0095315 0.0198715 -0.009878  
12:19:15  -0.0224675 0.0099935 0.022121 -0.01034  
12:19:16  -0.02299 0.0094765 0.022638 -0.0098175  
12:19:17  -0.024893 0.0085525 0.0245465 -0.0088935  
12:19:18  -0.026972 0.0083765 0.0266255 -0.008723  
12:19:19  -0.0289355 0.008492 0.028589 -0.0088385  
12:19:20  -0.030492 0.008437 0.030151 -0.008778  
12:19:21  -0.034078 0.0109725 0.033726 -0.0113245  
12:19:22  -0.035002 0.0109175 0.03465 -0.011264  
12:19:23  -0.036443 0.0113245 0.0360965 -0.0116655  
12:19:24  -0.038115 0.0117865 0.037774 -0.0121275  
12:19:25  -0.0391545 0.011726 0.0388135 -0.0120725  
12:19:26  -0.0396165 0.011726 0.0392755 -0.0120725  
12:19:27  -0.0400785 0.011902 0.0397375 -0.012243  
12:19:28  -0.040656 0.012419 0.040315 -0.0127655  
12:19:29  -0.0414095 0.012881 0.041063 -0.0132275  
12:19:30  -0.045628 0.013629 0.045276 -0.013981  
12:19:31  -0.0464915 0.01386 0.046145 -0.014212  
12:19:32  -0.047124 0.014091 0.046783 -0.014443  
12:19:33  -0.0477015 0.0143825 0.0473605 -0.014729  
12:19:34  -0.0495495 0.014729 0.0492085 -0.0150755  
12:19:35  -0.051051 0.0146685 0.05071 -0.0150205  
12:19:36  -0.051227 0.014729 0.0508805 -0.0150755  
12:19:37  -0.0515735 0.014729 0.051227 -0.0150755  
12:19:38  -0.051689 0.0144375 0.0513425 -0.0147895  
12:19:39  -0.051634 0.014267 0.051282 -0.0146135  
12:19:40  -0.0522115 0.014212 0.0518595 -0.014553  
12:19:41  -0.052382 0.0141515 0.0520355 -0.014498  
12:19:42  -0.0525525 0.014091 0.0522115 -0.014443  
12:19:43  -0.0527835 0.0140305 0.0524425 -0.014388  
12:19:44  -0.0527835 0.01397 0.0524425 -0.014333  
12:19:45  -0.052844 0.0139095 0.0524975 -0.014278  
12:19:46  -0.053251 0.013849 0.052899 -0.014223  
12:19:47  -0.053482 0.0137885 0.05313 -0.014168  
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12:19:48  -0.0535975 0.0137280 0.0532455 -0.0146740  
12:19:49  -0.0537515 0.0146300 0.0533995 -0.0149820  
12:19:50  -0.0538450 0.0148225 0.0534985 -0.0151745  
12:19:51  -0.0539605 0.0150535 0.0536140 -0.0154055  
12:19:52  -0.0540760 0.0152845 0.0537295 -0.0156365  
12:19:53  -0.0270655 0.0077000 0.0268950 -0.0078760  
12:19:54  -0.0270655 0.0077000 0.0268950 -0.0078760 
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I.1 Calibration 1 – Output File 
% FBG_Calibration1 – Output Results 
% Matlab Script – FBGSoilDisplacement.m 
% File Created: 20/10/10 by Andrew Seccombe 
% FBG Soil Strain Sensor 
   
%Time (sec) u0 (m)  u1 (m)  u2 (m)  u3 (m) 
0.0000   0.0000  0.0000  0.0000  0.0000 
1.0000   0.0000  0.0003  0.0014  0.0022 
2.0000   0.0000  0.0008  0.0036  0.0055 
3.0000   0.0000  0.0011  0.0049  0.0075 
4.0000   0.0000  0.0017  0.0076  0.0117 
5.0000   0.0000  0.0027  0.0120  0.0181 
6.0000   0.0000  0.0034  0.0150  0.0225 
7.0000   0.0000  0.0041  0.0181  0.0272 
8.0000   0.0000  0.0049  0.0217  0.0325 
9.0000   0.0000  0.0056  0.0249  0.0373 
10.0000   0.0000  0.0062  0.0273  0.0409 
11.0000   0.0000  0.0067  0.0294  0.0438 
12.0000   0.0000  0.0070  0.0311  0.0464 
13.0000   0.0000  0.0075  0.0332  0.0495 
14.0000   0.0000  0.0080  0.0351  0.0523 
15.0000   0.0000  0.0084  0.0367  0.0545 
16.0000   0.0000  0.0090  0.0392  0.0583 
17.0000   0.0000  0.0095  0.0416  0.0617 
18.0000   0.0000  0.0100  0.0439  0.0652 
19.0000   0.0000  0.0105  0.0459  0.0683 
20.0000   0.0000  0.0108  0.0472  0.0701 
21.0000   0.0000  0.0117  0.0510  0.0756 
22.0000   0.0000  0.0121  0.0532  0.0790 
23.0000   0.0000  0.0124  0.0543  0.0807 
24.0000   0.0000  0.0125  0.0548  0.0814 
25.0000   0.0000  0.0127  0.0556  0.0827 
26.0000   0.0000  0.0128  0.0560  0.0833 
27.0000   0.0000  0.0131  0.0575  0.0855 
28.0000   0.0000  0.0132  0.0580  0.0864 
29.0000   0.0000  0.0134  0.0590  0.0879 
30.0000   0.0000  0.0138  0.0608  0.0906 
31.0000   0.0000  0.0140  0.0616  0.0918 
32.0000   0.0000  0.0140  0.0617  0.0919 
33.0000   0.0000  0.0140  0.0615  0.0917 
34.0000   0.0000  0.0139  0.0613  0.0914 
35.0000   0.0000  0.0139  0.0611  0.0913 
36.0000   0.0000  0.0139  0.0612  0.0914 
37.0000   0.0000  0.0139  0.0612  0.0915 
38.0000   0.0000  0.0139  0.0612  0.0915 
39.0000   0.0000  0.0138  0.0610  0.0914 
40.0000   0.0000  0.0138  0.0609  0.0913 
41.0000   0.0000  0.0137  0.0608  0.0912 
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42.0000   0.0000  0.0137  0.0608  0.0911 
43.0000   0.0000  0.0137  0.0607  0.0911 
44.0000   0.0000  0.0132  0.0587  0.0883 
45.0000   0.0000  0.0130  0.0579  0.0871 
46.0000   0.0000  0.0129  0.0576  0.0868 
47.0000   0.0000  0.0129  0.0574  0.0864 
48.0000   0.0000  0.0130  0.0579  0.0870 
49.0000   0.0000  0.0130  0.0577  0.0868 
50.0000   0.0000  0.0131  0.0580  0.0871 
51.0000   0.0000  0.0131  0.0581  0.0874 
52.0000   0.0000  0.0130  0.0578  0.0869 
53.0000   0.0000  0.0129  0.0575  0.0865 
54.0000   0.0000  0.0129  0.0574  0.0863 
55.0000   0.0000  0.0129  0.0574  0.0863 
56.0000   0.0000  0.0129  0.0575  0.0864 
57.0000   0.0000  0.0130  0.0575  0.0864 
58.0000   0.0000  0.0130  0.0577  0.0867 
59.0000   0.0000  0.0130  0.0577  0.0867 
60.0000   0.0000  0.0131  0.0582  0.0873 
61.0000   0.0000  0.0129  0.0574  0.0861 
62.0000   0.0000  0.0129  0.0572  0.0859 
63.0000   0.0000  0.0129  0.0573  0.0859 
64.0000   0.0000  0.0130  0.0573  0.0858 
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I.2 Calibration 2 – Output File 
% FBG_Calibration2 – Output Results 
% Matlab Script – FBGSoilDisplacement.m 
% File Created: 20/10/10 by Andrew Seccombe 
% FBG Soil Strain Sensor 
 
%Time (sec) u0 (m)  u1 (m)  u2 (m)  u3 (m)  
0.0000   0.0000  0.0001  0.0007  0.0011 
1.0000   0.0000  0.0003  0.0016  0.0024 
2.0000   0.0000  0.0005  0.0021  0.0033 
3.0000   0.0000  0.0006  0.0026  0.0040 
4.0000   0.0000  0.0006  0.0028  0.0044 
5.0000   0.0000  0.0008  0.0040  0.0063 
6.0000   0.0000  0.0008  0.0038  0.0061 
7.0000   0.0000  0.0009  0.0045  0.0072 
8.0000   0.0000  0.0011  0.0053  0.0084 
9.0000   0.0000  0.0014  0.0063  0.0099 
10.0000   0.0000  0.0014  0.0067  0.0106 
11.0000   0.0000  0.0015  0.0072  0.0113 
12.0000   0.0000  0.0017  0.0081  0.0127 
13.0000   0.0000  0.0020  0.0092  0.0144 
14.0000   0.0000  0.0020  0.0093  0.0146 
15.0000   0.0000  0.0021  0.0100  0.0156 
16.0000   0.0000  0.0023  0.0109  0.0170 
17.0000    0.0000  0.0025  0.0119  0.0186 
18.0000   0.0000  0.0028  0.0129  0.0201 
19.0000   0.0000  0.0029  0.0133  0.0208 
20.0000   0.0000  0.0031  0.0144  0.0223 
21.0000   0.0000  0.0033  0.0152  0.0235 
22.0000   0.0000  0.0034  0.0158  0.0246 
23.0000   0.0000  0.0035  0.0165  0.0257 
24.0000   0.0000  0.0037  0.0173  0.0268 
25.0000   0.0000  0.0038  0.0177  0.0275 
26.0000    0.0000  0.0038  0.0178  0.0277 
27.0000   0.0000  0.0040  0.0185  0.0288 
28.0000   0.0000  0.0040  0.0186  0.0290 
29.0000    0.0000  0.0040  0.0187  0.0293 
30.0000    0.0000  0.0041  0.0193  0.0302 
31.0000   0.0000  0.0047  0.0217  0.0337 
32.0000   0.0000  0.0050  0.0231  0.0358 
33.0000   0.0000  0.0050  0.0233  0.0362 
34.0000   0.0000  0.0053  0.0245  0.0381 
35.0000   0.0000  0.0055  0.0255  0.0396 
36.0000   0.0000  0.0056  0.0262  0.0407 
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I.3 Calibration 3 – Output File 
% FBG_Calibration3 – Output Results 
% Matlab Script – FBGSoilDisplacement.m 
% File Created: 20/10/10 by Andrew Seccombe 
% FBG Soil Strain Sensor 
 
%Time (sec) u0 (m)  u1 (m)  u2 (m)  u3 (m) 
0.0000   0.0000  0.0000  0.0000  0.0000 
1.0000   0.0000  0.0019  0.0087  0.0135 
2.0000   0.0000  0.0030  0.0139  0.0214 
3.0000   0.0000  0.0034  0.0159  0.0247 
4.0000   0.0000  0.0033  0.0153  0.0240 
5.0000   0.0000  0.0034  0.0159  0.0251 
6.0000   0.0000  0.0035  0.0165  0.0262 
7.0000   0.0000  0.0036  0.0172  0.0273 
8.0000   0.0000  0.0037  0.0178  0.0283 
9.0000   0.0000  0.0039  0.0185  0.0294 
10.0000   0.0000  0.0040  0.0191  0.0305 
11.0000   0.0000  0.0039  0.0189  0.0301 
12.0000   0.0000  0.0040  0.0190  0.0303 
13.0000   0.0000  0.0040  0.0190  0.0303 
14.0000   0.0000  0.0042  0.0199  0.0316 
15.0000   0.0000  0.0042  0.0200  0.0318 
16.0000   0.0000  0.0043  0.0206  0.0327 
17.0000   0.0000  0.0047  0.0222  0.0350 
18.0000   0.0000  0.0047  0.0222  0.0351 
19.0000   0.0000  0.0048  0.0228  0.0361 
20.0000   0.0000  0.0048  0.0227  0.0360 
21.0000   0.0000  0.0048  0.0227  0.0360 
22.0000   0.0000  0.0049  0.0231  0.0366 
23.0000   0.0000  0.0050  0.0235  0.0371 
24.0000   0.0000  0.0050  0.0236  0.0373 
25.0000   0.0000  0.0049  0.0234  0.0370 
26.0000   0.0000  0.0049  0.0235  0.0372 
27.0000   0.0000  0.0050  0.0239  0.0379 
28.0000   0.0000  0.0050  0.0240  0.0381 
29.0000   0.0000  0.0050  0.0241  0.0383 
30.0000    0.0000  0.0050  0.0241  0.0383 
31.0000   0.0000  0.0050  0.0242  0.0385 
32.0000   0.0000  0.0050  0.0242  0.0387 
33.0000    0.0000  0.0050  0.0242  0.0387 
34.0000   0.0000  0.0051  0.0245  0.0391 
35.0000   0.0000  0.0050  0.0241  0.0385 
36.0000   0.0000  0.0050  0.0241  0.0383 
37.0000   0.0000  0.0051  0.0242  0.0384 
38.0000   0.0000  0.0050  0.0239  0.0379 
39.0000   0.0000  0.0051  0.0240  0.0380 
40.0000   0.0000  0.0051  0.0242  0.0384 
41.0000   0.0000  0.0052  0.0246  0.0389  
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I.4 Retaining Wall Test – Rotation around the Base in Sand – Output File  
% FBG Retaining Wall Test (Rotation around the base in Sand) – Output Results 
% Matlab Script – FBGSoilDisplacement.m 
% File Created: 20/10/10 by Andrew Seccombe 
% FBG Soil Strain Sensor 
 
%Time (sec) u0 (m)  u1 (m)  u2 (m)  u3 (m) 
0.0000   0.0000  0.0000  0.0000  0.0000 
1.0000   0.0000  0.0009  0.0046  0.0067 
2.0000   0.0000  0.0015  0.0073  0.0105 
3.0000   0.0000  0.0015  0.0075  0.0108 
4.0000   0.0000  0.0018  0.0086  0.0122 
5.0000   0.0000  0.0025  0.0122  0.0172 
6.0000   0.0000  0.0026  0.0126  0.0179 
7.0000   0.0000  0.0027  0.0132  0.0186 
8.0000   0.0000  0.0030  0.0144  0.0204 
9.0000   0.0000  0.0031  0.0148  0.0208 
10.0000   0.0000  0.0033  0.0158  0.0222 
11.0000   0.0000  0.0037  0.0175  0.0243 
12.0000   0.0000  0.0045  0.0216  0.0305 
13.0000   0.0000  0.0045  0.0217  0.0306 
14.0000   0.0000  0.0046  0.0225  0.0321 
15.0000   0.0000  0.0051  0.0252  0.0362 
16.0000   0.0000  0.0054  0.0264  0.0380 
17.0000   0.0000  0.0058  0.0289  0.0418 
18.0000   0.0000  0.0059  0.0293  0.0424 
19.0000   0.0000  0.0063  0.0313  0.0450 
20.0000   0.0000  0.0066  0.0322  0.0463 
21.0000   0.0000  0.0067  0.0331  0.0475 
22.0000   0.0000  0.0069  0.0339  0.0489 
23.0000   0.0000  0.0073  0.0358  0.0516 
24.0000   0.0000  0.0075  0.0371  0.0535 
25.0000   0.0000  0.0077  0.0378  0.0545 
26.0000   0.0000  0.0077  0.0380  0.0549 
27.0000   0.0000  0.0078  0.0387  0.0558 
28.0000   0.0000  0.0080  0.0392  0.0564 
29.0000   0.0000  0.0082  0.0402  0.0578 
30.0000   0.0000  0.0085  0.0417  0.0601 
31.0000   0.0000  0.0088  0.0432  0.0623 
32.0000   0.0000  0.0089  0.0441  0.0637 
33.0000   0.0000  0.0091  0.0449  0.0648 
34.0000   0.0000  0.0092  0.0453  0.0654 
35.0000   0.0000  0.0093  0.0460  0.0663 
36.0000   0.0000  0.0099  0.0488  0.0706 
37.0000   0.0000  0.0099  0.0488  0.0706 
38.0000   0.0000  0.0100  0.0492  0.0711 
39.0000   0.0000  0.0100  0.0495  0.0716 
40.0000   0.0000  0.0100  0.0493  0.0714 
41.0000   0.0000  0.0100  0.0493  0.0715 
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42.0000   0.0000  0.0100  0.0493  0.0715 
43.0000   0.0000  0.0101  0.0498  0.0721 
44.0000   0.0000  0.0101  0.0500  0.0724 
45.0000   0.0000  0.0101  0.0501  0.0726 
46.0000   0.0000  0.0101  0.0503  0.0729 
47.0000   0.0000  0.0102  0.0505  0.0733 
48.0000   0.0000  0.0101  0.0503  0.0729 
49.0000   0.0000  0.0102  0.0506  0.0734 
50.0000   0.0000  0.0103  0.0511  0.0741 
51.0000   0.0000  0.0103  0.0511  0.0741 
52.0000   0.0000  0.0104  0.0513  0.0744 
53.0000   0.0000  0.0104  0.0514  0.0745 
54.0000   0.0000  0.0104  0.0515  0.0746 
55.0000   0.0000  0.0104  0.0516  0.0747 
56.0000   0.0000  0.0105  0.0518  0.0749  
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I.5 Retaining Wall Test – Rotation around the Top in Sand – Output File  
% FBG Retaining Wall Test (Rotation around the top in Sand) – Output Results 
% Matlab Script – FBGSoilDisplacement.m 
% File Created: 20/10/10 by Andrew Seccombe 
% FBG Soil Strain Sensor 
 
%Time (sec) u0 (m)  u1 (m)  u2 (m)  u3 (m) 
0.0000   0.0000  -0.0002  -0.0011  -0.0017 
1.0000   0.0000  -0.0003  -0.0017  -0.0025 
2.0000   0.0000  -0.0004  -0.0019  -0.0028 
3.0000   0.0000  -0.0003  -0.0018  -0.0027 
4.0000   0.0000  -0.0004  -0.0019  -0.0029 
5.0000   0.0000  -0.0004  -0.0020  -0.0030 
6.0000   0.0000  -0.0004  -0.0020  -0.0030 
7.0000   0.0000  -0.0004  -0.0020  -0.0030 
8.0000   0.0000  -0.0004  -0.0020  -0.0030 
9.0000   0.0000  -0.0004  -0.0020  -0.0030 
10.0000   0.0000  -0.0004  -0.0020  -0.0030 
11.0000   0.0000  -0.0004  -0.0020  -0.0030 
12.0000   0.0000  -0.0004  -0.0020  -0.0030 
13.0000   0.0000  -0.0004  -0.0020  -0.0030 
14.0000   0.0000  -0.0004  -0.0020  -0.0030 
15.0000   0.0000  -0.0004  -0.0020  -0.0030 
16.0000   0.0000  -0.0003  -0.0017  -0.0026 
17.0000   0.0000  -0.0003  -0.0015  -0.0023 
18.0000   0.0000  -0.0003  -0.0014  -0.0021 
19.0000   0.0000  -0.0003  -0.0014  -0.0021 
20.0000   0.0000  -0.0002  -0.0012  -0.0019 
21.0000   0.0000  -0.0002  -0.0012  -0.0019 
22.0000   0.0000  -0.0002  -0.0010  -0.0016 
23.0000   0.0000  -0.0001  -0.0008  -0.0013 
24.0000   0.0000  -0.0001  -0.0008  -0.0013 
25.0000   0.0000  -0.0001  -0.0008  -0.0013 
26.0000   0.0000  -0.0001  -0.0008  -0.0013 
27.0000   0.0000  -0.0001  -0.0008  -0.0013 
28.0000   0.0000  -0.0001  -0.0008  -0.0013 
29.0000   0.0000  -0.0001  -0.0008  -0.0013 
30.0000    0.0000  -0.0001  -0.0008  -0.0013 
31.0000   0.0000  -0.0001  -0.0008  -0.0013 
32.0000   0.0000  -0.0001  -0.0007  -0.0012 
33.0000   0.0000  -0.0001  -0.0007  -0.0011 
34.0000   0.0000  -0.0001  -0.0005  -0.0008 
35.0000   0.0000  -0.0001  -0.0004  -0.0008 
36.0000   0.0000  -0.0001  -0.0004  -0.0007 
37.0000   0.0000  -0.0000  -0.0003  -0.0006 
38.0000   0.0000  -0.0000  -0.0002  -0.0004 
39.0000   0.0000  0.0000  0.0000  -0.0001 
40.0000   0.0000  0.0000  0.0000  -0.0001 
41.0000   0.0000  0.0000  0.0000  -0.0001 
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42.0000   0.0000  0.0000  -0.0000  -0.0001 
43.0000   0.0000  0.0000  -0.0000  -0.0002 
44.0000   0.0000  0.0000  -0.0000  -0.0002 
45.0000   0.0000  0.0000  -0.0001  -0.0002 
46.0000   0.0000  0.0000  -0.0001  -0.0002 
47.0000   0.0000  0.0000  -0.0001  -0.0002 
48.0000    0.0000  0.0000  -0.0001  -0.0002 
49.0000   0.0000  -0.0000  -0.0001  -0.0002 
50.0000   0.0000  -0.0000  -0.0001  -0.0002 
51.0000    0.0000  -0.0000  -0.0001  -0.0002  
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I.6 Retaining Wall Test – No Rotation in Sand – Output File  
% FBG Retaining Wall Test (No Rotation in Sand) – Output Results 
% Matlab Script – FBGSoilDisplacement.m 
% File Created: 20/10/10 by Andrew Seccombe 
% FBG Soil Strain Sensor 
 
%Time (sec) u0 (m)  u1 (m)  u2 (m)  u3 (m) 
0.0000   0.0000  -0.0000  -0.0000  0.0000 
1.0000   0.0000  0.0000  0.0001  0.0001 
2.0000   0.0000  0.0000  0.0002  0.0002 
3.0000   0.0000  0.0001  0.0003  0.0004 
4.0000   0.0000  0.0000  0.0002  0.0004 
5.0000   0.0000  0.0002  0.0012  0.0017 
6.0000   0.0000  0.0003  0.0013  0.0019 
7.0000   0.0000  0.0003  0.0017  0.0026 
8.0000   0.0000  0.0007  0.0037  0.0055 
9.0000   0.0000  0.0007  0.0035  0.0052 
10.0000   0.0000  0.0004  0.0018  0.0026 
11.0000   0.0000  0.0009  0.0038  0.0046 
12.0000   0.0000  0.0014  0.0059  0.0067 
13.0000   0.0000  0.0022  0.0115  0.0175 
14.0000   0.0000  0.0031  0.0161  0.0244 
15.0000   0.0000  0.0038  0.0195  0.0294 
16.0000   0.0000  0.0041  0.0212  0.0320 
17.0000   0.0000  0.0047  0.0246  0.0372 
18.0000   0.0000  0.0047  0.0241  0.0366 
19.0000   0.0000  0.0046  0.0240  0.0363 
20.0000   0.0000  0.0046  0.0239  0.0362 
21.0000   0.0000  0.0046  0.0237  0.0359 
22.0000   0.0000  0.0045  0.0234  0.0355 
23.0000   0.0000  0.0045  0.0233  0.0352 
24.0000   0.0000  0.0044  0.0230  0.0347 
25.0000   0.0000  0.0043  0.0225  0.0340 
26.0000   0.0000  0.0043  0.0225  0.0341 
27.0000   0.0000  0.0044  0.0227  0.0343 
28.0000   0.0000  0.0044  0.0227  0.0344 
29.0000   0.0000  0.0044  0.0227  0.0344 
30.0000   0.0000  0.0044  0.0227  0.0344 
31.0000   0.0000  0.0044  0.0227  0.0344 
32.0000   0.0000  0.0044  0.0227  0.0344 
33.0000   0.0000  0.0044  0.0227  0.0344 
34.0000   0.0000  0.0044  0.0227  0.0344 
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I.7 Durability Testing – Electromagnetic Interference Testing – Output File 
% FBG Durability Testing (Electromagnetic Interference EMI) – Output Results 
% Matlab Script – FBGSoilDisplacement.m 
% File Created: 20/10/10 by Andrew Seccombe 
% FBG Soil Strain Sensor 
 
%Time (sec) u0 (m)  u1 (m)  u2 (m)  u3 (m) 
0.0000   0.0000  0.0013  0.0065  0.0094 
1.0000   0.0000  0.0017  0.0082  0.0117 
2.0000   0.0000  0.0018  0.0088  0.0126 
3.0000   0.0000  0.0024  0.0114  0.0162 
4.0000   0.0000  0.0028  0.0136  0.0193 
5.0000   0.0000  0.0035  0.0168  0.0236 
6.0000   0.0000  0.0038  0.0183  0.0256 
7.0000   0.0000  0.0045  0.0215  0.0301 
8.0000   0.0000  0.0050  0.0239  0.0336 
9.0000   0.0000  0.0050  0.0243  0.0345 
10.0000   0.0000  0.0054  0.0262  0.0376 
11.0000   0.0000  0.0058  0.0284  0.0408 
12.0000   0.0000  0.0062  0.0304  0.0439 
13.0000   0.0000  0.0065  0.0320  0.0463 
14.0000   0.0000  0.0073  0.0359  0.0516 
15.0000   0.0000  0.0075  0.0368  0.0530 
16.0000   0.0000  0.0078  0.0384  0.0552 
17.0000   0.0000  0.0082  0.0401  0.0578 
18.0000   0.0000  0.0084  0.0412  0.0594 
19.0000   0.0000  0.0085  0.0417  0.0602 
20.0000   0.0000  0.0086  0.0422  0.0609 
21.0000   0.0000  0.0087  0.0428  0.0617 
22.0000   0.0000  0.0089  0.0436  0.0628 
23.0000   0.0000  0.0097  0.0480  0.0693 
24.0000   0.0000  0.0099  0.0489  0.0706 
25.0000   0.0000  0.0101  0.0496  0.0716 
26.0000   0.0000  0.0102  0.0502  0.0725 
27.0000   0.0000  0.0106  0.0522  0.0753 
28.0000   0.0000  0.0109  0.0537  0.0777 
29.0000   0.0000  0.0109  0.0539  0.0779 
30.0000   0.0000  0.0110  0.0542  0.0785 
31.0000   0.0000  0.0110  0.0543  0.0787 
32.0000   0.0000  0.0110  0.0543  0.0786 
33.0000   0.0000  0.0111  0.0549  0.0795 
34.0000   0.0000  0.0111  0.0550  0.0798 
35.0000   0.0000  0.0111  0.0552  0.0801 
36.0000   0.0000  0.0112  0.0554  0.0804 
37.0000   0.0000  0.0112  0.0554  0.0804 
38.0000   0.0000  0.0112  0.0555  0.0805 
39.0000   0.0000  0.0113  0.0559  0.0812 
40.0000   0.0000  0.0113  0.0561  0.0815 
41.0000   0.0000  0.0113  0.0563  0.0817 
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42.0000   0.0000  0.0114  0.0565  0.0819 
43.0000    0.0000  0.0114  0.0566  0.0820 
44.0000   0.0000  0.0115  0.0567  0.0821 
45.0000   0.0000  0.0115  0.0569  0.0823 
46.0000   0.0000  0.0058  0.0285  0.0412 
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I.8 Durability Testing – High Moisture Content Testing – Output File 
% FBG Durability Testing (High Moisture Content) – Output Results 
% Matlab Script – FBGSoilDisplacement.m 
% File Created: 20/10/10 by Andrew Seccombe 
% FBG Soil Strain Sensor 
 
%Time (sec) u0 (m)  u1 (m)  u2 (m)  u3 (m) 
0.0000   0.0000  0.0000  0.0000  0.0000 
1.0000   0.0000  0.0008  0.0037  0.0052 
2.0000   0.0000  0.0013  0.0064  0.0093 
3.0000   0.0000  0.0017  0.0081  0.0117 
4.0000   0.0000  0.0018  0.0088  0.0125 
5.0000   0.0000  0.0026  0.0123  0.0175 
6.0000   0.0000  0.0033  0.0160  0.0226 
7.0000   0.0000  0.0035  0.0168  0.0236 
8.0000   0.0000  0.0038  0.0182  0.0255 
9.0000   0.0000  0.0044  0.0213  0.0298 
10.0000   0.0000  0.0073  0.0359  0.0515 
11.0000   0.0000  0.0079  0.0387  0.0558 
12.0000   0.0000  0.0084  0.0417  0.0601 
13.0000   0.0000  0.0085  0.0421  0.0608 
14.0000   0.0000  0.0087  0.0428  0.0617 
15.0000   0.0000  0.0089  0.0436  0.0627 
16.0000   0.0000  0.0091  0.0449  0.0647 
17.0000   0.0000  0.0095  0.0466  0.0672 
18.0000   0.0000  0.0097  0.0480  0.0692 
19.0000   0.0000  0.0099  0.0489  0.0706 
20.0000   0.0000  0.0101  0.0496  0.0716 
21.0000   0.0000  0.0102  0.0502  0.0724 
22.0000   0.0000  0.0106  0.0520  0.0751 
23.0000   0.0000  0.0109  0.0537  0.0776 
24.0000   0.0000  0.0110  0.0543  0.0786 
25.0000   0.0000  0.0111  0.0550  0.0798 
26.0000   0.0000  0.0111  0.0552  0.0800 
27.0000   0.0000  0.0112  0.0554  0.0804 
28.0000   0.0000  0.0112  0.0555  0.0804 
29.0000   0.0000  0.0112  0.0555  0.0805 
30.0000   0.0000  0.0113  0.0559  0.0811 
31.0000   0.0000  0.0113  0.0562  0.0815 
32.0000   0.0000  0.0114  0.0563  0.0816 
33.0000   0.0000  0.0114  0.0565  0.0819 
34.0000   0.0000  0.0115  0.0570  0.0824 
35.0000   0.0000  0.0117  0.0576  0.0831 
36.0000   0.0000  0.0117  0.0577  0.0832 
37.0000   0.0000  0.0117  0.0578  0.0834 
38.0000   0.0000  0.0118  0.0580  0.0835 
39.0000   0.0000  0.0118  0.0581  0.0837 
40.0000   0.0000  0.0119  0.0583  0.0838 
41.0000   0.0000  0.0119  0.0584  0.0840 
